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Abstract. Gastrointestinal tract (GIT) disorders affecting intestinal tissues are common
among diabetes mellitus (DM) patients. GIT side effects of antidiabetic medication are
a reason for an increase in use of antidiabetic herbal medicine, prompting research
that uses 50mg/kg of streptozocin (STZ) to induce DM in animal experiments prior
to testing safety and efficacy of the herbs over 21 days in most experiments. As DM is
a progressive disease, it is not clear whether 21 days of DM is enough to induce intes-
tinal tissue changes. We investigated effects of 50mg/kg STZ induced DM in intestines
of male Sprague Dawley rats observed over 21 days. Intestinal tissues of 16 (control,
n=8, STZ diabetic=8) rats stained with Masson’s Trichrome, hematoxylin and eosin
were used. Villi height, width, number of goblet cells (GC), mucosa, submucosal col-
lagen fibre (SCF) and muscularis externa (ME) were measured using Image] software
in photomicrographs taken from slides with a microscope camera. Means were ana-
lysed using SPSS software. In DM animals, there was a significant increase in width
of ileal villi (p < 0.001), reduction in number of GC in jejunum (p = 0.033) and ileum
(p <0.001). SCF thickness increased in duodenum (p < 0.001), jejunum (p = 0.003),
ileum (p = 0.005), and colon (p = 0.004). ME only increased in ileum (p = 0.004).
50mg/kg STZ DM induces significant changes across the intestines over 21 days, sug-
gesting that this duration is effective for experimental modelling for future DM studies
on the intestines.

Keywords: gastrointestinal tract, diabetes mellitus, Sprague Dawley rats, streptozocin
(STZ), antidiabetic herbal medication.

INTRODUCTION

Diabetes Mellitus (DM) is a group of metabolic disorders characterized
by increased blood glucose levels commonly known as hyperglycemia (Cho
et al., 2018; Lovic et al., 2020). It develops as a result of a deficiency in insu-
lin secretion by pancreatic beta cells or insulin action (Cho et al., 2018). It
is predicted that by 2040, 693 million people aged 18-99 years old will have
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diabetes, a number accounting for 9.9% of the world’s
population (Lovic et al., 2020). The gastrointestinal tract
(GIT) disorders are common among DM patients and
have recently been identified as one of the most com-
mon DM complications (Zhao et al., 2017). Animal and
human studies have shown that DM has negative effects
on intestinal health, including impaired healing and cel-
lular damage to the intestinal mucosa (Gotfried et al.,
2017). The above could be partly due to the fact that
hyperglycemia causes an overproduction and accumula-
tion of advanced glycation end products (AGEs) in tis-
sues which affect the structure and function of proteins
and other intestinal wall components like collagen fibres
(Zhao et al., 2017).

Metformin is a commonly used antidiabetic medi-
cation, but it has been shown to slow gastric emptying,
reduce pyruvate dehydrogenase activity, and cause lactic
acidosis in typer 2 diabetes mellitus patients (Borg et al.,
2020). It can also cause abdominal pain, vomiting, diar-
rhoea, agitation, confusion, tachypnoea, and hypoten-
sion (Kalsi et al., 2017). Due to the above side effects of
conventional medication, several diabetic patients are
increasingly using antidiabetic herbal medication which
is perceived to be safe (Atinga et al., 2018; Mekuria et al.,
2018). However, the safety and efficacy of herbal medica-
tion lacks scientific validation in most cases (Mukherjee
et al.,, 2022). Consequently, there is an increase in stud-
ies investigating the safety and efficacy of the antidia-
betic herbal medication. These studies use streptozocin
(STZ) to induce diabetes in experimental animals fol-
lowed by treatment intervention (Eleazu et al., 2013;
Goyal yet al., 2017). The dosage and duration of STZ
used to induce diabetes is inconsistent across different
experiments, with those that are interested in physiologi-
cal changes employing shorter duration of between 7 to
21 days, while the dosage of STZ used to induce diabe-
tes ranges from 20mg/kg to as high as 200mg/kg (Kooti
et al., 2016). The short duration of diabetes may induce
physiological changes but not necessarily tissue changes
as diabetes is a progressive disease (Zhao et al., 2017). A
dose of 50mg/kg of STZ with animals kept for 21 days
either with or without treatment intervention is one of
the most common experimental designs.

There is currently a lack of information on the path-
ologic profile of STZ-induced diabetes in the small intes-
tines and the colon. While some studies have examined
specific regions of the intestines after 21 days period of
STZ induced diabetes, a more comprehensive investi-
gation of the complete intestinal pathologic profile is
lacking to fully comprehend the effects of STZ induced
diabetes in the intestinal tissues. The current study has
been designed against this backdrop to investigate the
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effects of 50mg/kg STZ induced diabetes on the histo-
morphometry of the small and large intestines of the
male Sprague Dawley rats observed over 21 days after
induction of diabetes. Such a study is important for
accurate interpretation of the results in studies that use
this experimental design in drug testing.

MATERIALS AND METHODS
Animals

Sixteen three months old male Sprague Dawley rats
weighing 220-300 g that were purchased from North-
west University, Potchefstroom were used in the current
study. Ethics approval (SMUAEC 03/2021) was obtained
from the animal ethics committee at Sefako Makgatho
Health Sciences University prior to conducting the study.
The animals were kept in the Department of Physiol-
ogy’s Laboratory Animal Center at Sefako Makgatho
Health Sciences University. Each animal was kept in a
separate cage in a temperature-controlled environment
with a 12-hour light/12-hour dark cycle with free access
to rat chow and water.

Diabetes induction

After a week of acclimation, animals were fasted
for 18 hours before receiving a once-off intraperito-
neal injection of 50mg/kg bodyweight of pancreatic-cell
toxin STZ, 1ml/kg dissolved in 0.1M sodium citrate
buffer (pH = 4.5) to induce type 1 DM. To avoid hypo-
glycemia, the STZ injected animals received a 5% glu-
cose solution in their drinking water overnight. After 72
hours, blood glucose levels were measured in both nor-
mal control and STZ injected animals using blood sam-
ples obtained from the tail vein and analyzed with the
accu-chek active glucometer (Roche Diabetes Care South
Africa) to confirm diabetic status. For STZ injected ani-
mals, fasting blood glucose values exceeding 10.0 mM
were considered indicative of hyperglycemia. All ani-
mals with the above blood glucose levels were included
in the study and those animals that had glucose levels
below 10mM were excluded from the study. The meas-
urement of blood glucose levels in the normal control
group was done for control purposes. After confirma-
tion of diabetic status, both the normal control and STZ
diabetic animals were put on unlimited food and water
and observed for 21 days with glucose levels measured
in days 14 and 21 of the experimental period and body
weights measured on a daily basis.
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Experimental design

Animals were randomly assigned to one of two
experimental groups at random as follows: Group 1
(n=8) were normal rats that were not exposed to any
treatment and used as a control, while Group 2 (n=_8)
were 50mg/kg STZ-induced diabetic rats. After induc-
tion of diabetes, the animals were kept for 21 days with
no intervention. At the end of the 21 days (day 22) all
animals were euthanised with an intraperitoneal injec-
tion of a mixture (1.4 ml/kg.bw) of Anaket V (Ketamine)
40-80mg/kg and Rompun 2% (Xylazine) 5-10mg/kg. The
intestinal tissues were collected and preserved in 10%
buffered formalin before processing and staining.

Specimen processing and staining

Four lcm segments were harvested from the duo-
denum, jejunum, ileum and the colon. A segment of
the duodenum was taken in its second part, lem from
the pylorus. Jejunum was sampled 5cm below the liga-
ment of Treitz, the ileum sampled 5cm proximally to
the ileocecal valve and the colon sampled 5cm distal to
the ileocecal valve as per the sampling method adopted
by Zhao et al., (2017). The blocks of the intestinal tis-
sues were processed, embedded, and serially sectioned
at 5pm thickness with a rotary microtome, and one in
two sections were mounted on glass slides for Masson’s
Trichrome (MT) and Hematoxylin and Eosin (H&E)
staining (Bancroft and Gamble, 2008). Hematoxylin and
Eosin stains were used for tissue architecture to evaluate
thickness of the layers and quantifying goblet cells, while
the MT stain was used for connective tissue assessment
of submucosal collagen fiber bundles. Photomicrographs
of stained and mounted sections were taken with Leica
software (Version 3.0), a Leica ICC50 HD camera, and a
Leica microscope DM500 at 4X, 10X, and 40X.

Histomorphometric measurements
Villi height, width, and goblet cells

Twenty serial sections of the duodenum, jejunum
and ileum were used in the current study to measure the
height and width of the small intestines for each animal
at 4X (duodenum) and 10X (jejunum and ileum) magni-
fication. The length of the villi was measured from the tip
of the villi to the base at the junction with the intestinal
crypts, whereas the width was measured halfway between
the tip and base of the villi. These measurements were
randomly taken from the longitudinal sections of 5 well-

oriented villi per tissue section in 20 sections adding up
to 100 villi measured for each segment of the small intes-
tine per animal (Lerkdumnernkit et al., 2022). Goblet cells
characterised by visible wine glass shape cells with clear
cytoplasm and round or oval shaped nucleus at the base
were also counted in the above villi. The measurements
and counts were done using the line and multi-point fea-
ture tools of the Image] software (Schneider et al., 2012)
and the means were recorded for statistical analyses.

Thickness of the mucosa, muscularis externa and submu-
cosal collagen fibre bundles

Twenty serial sections of the colon were used to
measure the mean thickness of the mucosa, muscularis
externa and in H&E-stained sections at 4X, and collagen
fibres in MT-stained sections at 10X magnification using
the line tool of the Image] software. Measurements of
the mucosa were taken at two random points that were
three mucosal glands apart in each of the twenty sec-
tions per animal from the tips of the mucosa to the mus-
cularis mucosae, making it a total of forty points meas-
ured per animal in the colon. The muscularis externa of
the colon was measured at two points in line with the
mucosa measurement described above. For the small
intestines, the muscularis externa was measured at two
points that were two villi apart, while the submucosal
collagen fibre thickness was measured at 40X (MT) mag-
nification from the point where the muscularis mucosae
ends to where the muscularis externa begins at two ran-
dom points two intestinal crypts apart.

Data analysis

A student t-test was used to compare the means of
villi parameters, thickness of intestinal layers and counts
of goblet cells for normal control and STZ diabetic
group in a Statistical Package for the Social Sciences
(SPSS) software (Version 28). Data was normally distrib-
uted in Shapiro Wilk test. All variables were expressed as
mean + standard deviation and a p-value of < 0.05 was
considered significant.

RESULTS
Induction of diabetes, weights and glucose level changes
Prior to the induction of diabetes with STZ injec-

tion, all animals had normal blood glucose levels rang-
ing from 4.8 to 5.8 mmol/L. After 72 hours of diabetic
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Figure 1. A changes of glucose levels of STZ induced diabetic and control animals from day 0 to day 21. B: Graphic representation of the
weight changes of the animals throughout the 21 days period of the experiment.

induction, there STZ diabetic induced animals (DM)
had a drastic increase of blood glucose levels to an aver-
age of 31.83 mmol/L to 33.20 mmol/L, which persisted
throughout the 21 days of the experiment while the con-
trol group maintained normal blood glucose levels rang-
ing from 4.8-5.5 mmol/L (Figure 1A).

In this current study, animals with approximately
the same body weights were used with an average weight
of 310 g for the DM group, and an average weight of 338
g for control. The body weight of the control group sig-
nificantly increased when comparing the initial and ter-
minal body weights (28.00 + 17.23; p = 0.003). The dia-
betic group had a significant weight loss by the end of
21 days when comparing the initial and terminal body
weights (65.00 + 38.60; p = 0.002; Figure 1B). The small
and large intestine’s mean weight of the diabetic group
(60.59 * 9.25 g) was significantly higher than that of the
control group (23.81 + 2.51 g) (p <0.001; Table 1).

Histological findings
Morphological changes in the villi of the duodenum

The duodenum of the control group showed intact
villi, and the Paneth cells (PC) had densely packed
eosinophilic secretory granules (Figure 2A). In the
DM group, the villi appeared to be short and mildly
deformed (Figure 2B). The duodenal villi height of the
DM group was slightly lower (1216.272 + 274.59 pm)
than that of the control group (1244.558 + 04 pm; p =
0.425; Figure 2C) in the t-test. Similarly, the duodenal
villi width of the DM group (182.155 + 28.10 pm) was
slightly lower than that of the control group (190.819
26.11 pm; p = 0.311; Figure 2D). The number of goblet
cells in the villi of the duodenum of the DM group was

Table 1. Body weights, GIT weight and blood glucose levels.

Control DM P-values
}I{:rtrlini‘lNB%)(g) 33871757 31071 + 14.78 0.003
Weight of small & large 364.00 £ 15.28  299.00 £ 36.82 0.002
. . 23.81 £ 2.51 60.59 + 9.25 <0.001
intestines (g)
Glucose levels (mmol/L) 5.26 £ 0.48 31.83 + 0.59 <0.001

Data of all variables expressed as mean * standard deviation. P
<0.05.

significantly lower (7.883 + 2.16) than that of the control
group (13.667 + 1.85; p < 0.001; Figure 2E).

There were no statistically significant differences in
the thickness of the muscularis externa (ME) of the duo-
denum of the DM group (214.809 * 39.04 pm) compared
to the control group (175.116 £ 36.60 um, p = 0.090).
However, the ME of the DM group was slightly thicker
than that of the control group (Figure 2F).

In MT-stained sections, the control group had
moderate amount of submucosal collagen fibre bundles
(Figure 2G), and the DM group had a large amount of
submucosal collagen fibre bundles (Figure 2H). The sub-
mucosal collagen fibre thickness of the duodenum of the
DM group was significantly thicker (57.865 + 6.69 pm)
when compared to that of the control group (40.542 +
2.06 pm; p < 0.001; Figure 2I).

Morphological changes in the Jejunum

Normal histological structures were observed in the
jejunum of the control group such as finger-like villi and
normal shaped intestinal crypts (Figure 3A). The jeju-
num of the DM group however showed distortion of
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Figure 2. Hematoxylin and Eosin photomicrographs (4X) showing changes in the histological structure of the duodenum in the control (A)
and Diabetes Mellitus (B) groups. Masson’s Trichrome stained micrographs (40X) of control (C) and DM (D) groups showing changes in
the submucosal collagen fibre bundle thickness (black arrows) in the duodenum. E to I) Bar graphs representing changes in villi, number of
goblet cells and thicknesses of muscularis externa and submucosal collagen fibre bundles in the duodenum. The standard error of the mean
is represented by the error bars. ** represents significant changes. Mucosa= M; submucosa= SM; muscularis externa= ME; villi= V; crypt=

C; lamina propria= LP; red asterisks= short and deformed villi.

the villi, cell infiltration in the lamina propria as well as
disrupted crypts (Figure 3B). The jejunal villi height of
the DM group (615.623 + 184.644 um) was slightly low-
er than that of the control group (655.603 + 58.99 pm;
p = 0.321; Figure 3C), while the jejunal villi width of
the DM group (177.547 + 26.14 um) was slightly higher
than that of the control group (147.594 + 32.91 pm; p =
0.090; Figure 3D). The number of goblet cells in the villi
of the jejunum of the DM group (8.033 £ 2.35 pm) was
significantly lower compared to that of the control group
(13.217 + 4.03 pm; p = 0.033; Figure 3E).

The t-test further showed that the thickness of the
muscularis externa of the jejunum (ME) of the DM group
(127.914 £ 41.63 pm) was not significantly different from
that of the control group (152.991 + 20.78 pm; p = 0.117;
Figure 3F). However, the thickness of the ME of the DM
group was slightly lower than that of the control group.

The MT-stained sections of the control group (Fig-
ure 3G) showed moderate amounts of collagen fibre
bundles while the DM group had a large amount of sub-
mucosal collagen fibre bundles (Figure 3H). The sub-
mucosal collagen fibre thickness of the DM group was
significantly higher (43.975 + 2.69 um) than that of the
control group (34.101 + 4.911 pm, p = 0.003; Figure 3I).

Morphological changes in the ileum

The ileum of the control group showed the normal
histological structure with intact villi and epithelial lin-

ing (Figure 4A). In the DM group, the villi of the ileum
appeared to be blunt and distorted (Figure 4B). The
t-test showed that the ileal villi height of the DM group
(6548.225 + 38.44 pm) was not statistically significant
when compared to that of the control group (536.481
+ 66.92 pm; p = 0.354). However, the villi height of the
DM group was slightly higher than that of the control
group (Figure 4C). Additionally, the ileal villi width of
the DM group (183.283 * 15.51 pm) was significantly
higher compared to that of the control group (114.905
+ 8.03 um; p < 0.001; Figure 4D). There were no sig-
nificant differences in the number of goblet cells of the
ileal villi of the DM (13.000 + 1.25) and control groups
(12.850 £ 1.34) in the t-test (p = 0.384). However, the
number of goblet cells of the DM group was slightly
higher than that of the control group (Figure 4E). The
t-test also showed that the thickness of the muscularis
externa of the DM group (178.227 + 21.85 pm) was sig-
nificantly higher when compared to that of the control
group (142.501 + 18.36 pm; p = 0.004; Figure 4F).

In MT-stained sections, the collagen fibre bundles
showed a continuous layer around the epithelial cells in
the control group, indicating an intact basement mem-
brane (Figure 4G). In the DM group, collagen fibre bun-
dles were spars around the epithelial cells, indicating the
destruction of the basement membrane (Figure 4H). The
submucosal collagen fibre thickness of the DM group
(42.467 £ 4.06 pm) was significantly thicker when com-
pared to that of the control group (35.331 + 3.79 pm; p =
0.005; Figure 4I).
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Figure 3. Hematoxylin and eosin micrographic (10X) showing changes in the histological structure of the walls of the jejunum in the con-
trol (A) and Diabetic mellitus (B) groups. Masson’s Trichrome stained micrographs (40X) of control (C) and DM (D) groups showing
changes in the submucosal collagen fibre bundle thickness (black arrows) in the jejunum. E to I) Bar graphs representing changes in villi,
number of goblet cells and thicknesses of muscularis externa and submucosal collagen fibre bundles in the jejunum. The standard error of
the mean is represented by the error bars. ** represents significant changes. Mucosa= M; villi= V; lamina propria= LP; submucosa= SM;
crypts= C; muscularis externa= ME; red asterisks at the tip of the villi= distorted villi; cell infiltration= ci.
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Figure 4. Hematoxylin and eosin micrographic (10X) showing changes in histological structure of the walls of the ileum in the control (A)
and Diabetic mellitus (B) groups. Masson’s Trichrome stained micrographs (40X) of control (C) and DM (D) groups showing changes in
the submucosal collagen fibre bundle thickness (black arrows) in the ileum. E to I) Bar graphic representing changes in villi, number of
goblet cells and thicknesses of muscularis externa and submucosal collagen fibre bundles in the ileum. The standard error of the mean is
represented by the error bars. ** represents significant changes. Villi= V; lamina propria= LP; goblet cells= GC; mucosa= M; submucosa=

SM; muscularis externa= ME.

Morphological changes in the Colon

The colon of the group showed normal shaped
mucosal crypts with intact epithelial lining on the lumi-
nal surface and narrow lumens (Figure 5A). In the DM
group, some crypts had mildly distorted shape and the
ME appeared thicker (Figure 5B). The colonic mucosal
layer of the DM group (446.264 + 81.97 pm) was signifi-
cantly higher than that of the control group (318.528 +
34.39 pm; p = 0.008; Figure 5C). The t-test also showed

that the thickness of the colonic muscularis externa
(ME) of the DM group (172.546 + 79.22 pm) was not
significantly different from that of the control group
(152.434 + 15.70 pm; p = 0.291; Figure 5D). However, the
thickness of the ME of the DM group was higher than
that of the control group (Figure 5D).

The MT-stained tissue sections of the control group
showed moderate amount of submucosal collagen fibre
bundles (Figure 5E) while the DM group (Figure 5F)
had abundant submucosal collagen fibre bundles when
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Figure 5. Hematoxylin and eosin micrographic (10X) showing changes in histological structure of the walls of the colon in the control (A)
and Diabetic mellitus (B) groups. Masson’s Trichrome stained micrographs (40X) of control (C) and DM (D) groups showing changes in
the submucosal collagen fibre bundle thickness (black arrows) in the colon. E to G: Bar graphs representing changes in the mucosa and
thickness of muscularis externa of the colon. The standard error of the mean is represented by the error bars. ** represents significant
changes. Mucosa= M; crypts= C; submucosa= SM; muscularis externa= ME; black arrow= separation of layers in figure 4B; black square=

crypts in 100X magnification to show their shape; distorted crypt encircled in red, normal crypt encircled in yellow.

compared to the control group. The colonic submucosal
collagen fibre thickness of the DM group (47.87 + 12.27
pm) was significantly higher than that of the control
group (35.348 + 6.00 pm; p = 0.004; Figure 5G).

DISCUSSION

The diabetic group exhibited mildly distorted and
blunt villi in the small intestines compared to the nor-
mal control group. This observation may be attributed to
an increased enterocyte proliferation rate reported in the
diabetic animals (Boudry et al.,2007). The migration of
immature cells to the villus surface is a possible explana-
tion for the observed blunting and distortion of the villi
(Boudry et al., 2007).

The present study revealed a decrease in villi height
in the duodenum and jejunum of the diabetic group,
consistent with the findings of previous authors (Mes-
gari-Abbasi et al., 2019). This reduction is likely attrib-
uted to chronic inflammation associated with diabetes,
as previously suggested (Garci et al,, 2010). In the ileum,
an increase in villi height was observed in the diabetic
group compared to the normal group, in line with the
previous studies (Chen et al., 2012; Hvid et al., 2016).
Diabetes has been shown to significantly affect the ter-
minal intestinal segment of the small intestine, poten-
tially increasing villi height (Chen et al., 2012).

It must be noted that conflicting findings have been
reported regarding the effect of diabetes on specific

intestinal segments. One study found an increase in the
villi height of the duodenum (Lerkdumnernkit et al.,
2022), while another study reported an increase in the
villi height of the jejunum (Hvid et al., 2016), both of
which contradicts the findings of the current study. In
the studies mentioned above, animals were kept for 28
days with dosages of 60mg/kg and 54mg/kg respectively,
contrary to the 21 days and 50mg/kg of STZ of the cur-
rent study. It is known that longer durations of diabetes
are associated with more severe effects on the tissues
(American Diabetes Association, 2014). Therefore, differ-
ences in the duration of the experiments can be a reason
for conflicting findings.

In the present study, a decrease in villi width was
observed in the duodenum of the DM group compared
to the control group as previously reported (Mesgari-
Abbasi et al.,, 2019), while in the jejunum and ileum, the
villi width increased in DM group. The reduction in villi
width can be attributed to alterations in the production
of growth factors, particularly insulin-like growth fac-
tor-1 and 2 (IGF-1 and IGF-2), which play a crucial role
in the growth and maintenance of the villi (Dube et al.,
2006). The observed increase in villi width in the jeju-
num and ileum of diabetic rats can be attributed to vil-
lous hypertrophy (Zhao et al., 2003; Zhao et al., 2017).

The number of goblet cells significantly decreased in
the duodenum and jejunum of the diabetic group com-
pared to the control group, in agreement with previous
reports (Mesgari-Abbasi et al., 2019; Lerkdumnernkit et
al., 2022). The reduction in the number of goblet cells is
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Table 2. Summary of findings from previous authors in comparison with the current study.

Colon

Ileum

Jejunum

Duodenum

Duration

Dosage

Author(s)

SCFT M ME SCFT

ME

GC

VH

VH VW GC ME SCFT VH VW GC ME SCFT

T
1

60mg/kg 28 days

Lerkdumnernkit et al., (2022)

Hvid et al., (2016)
Zhao et al., (2017)

54mg/kg 28 days

56 days

55mg/kg 21 days

Mesgari-Abbasi et al., (2019)
Akinola et al., (2009)

Chen et al., (2012)

Current study

70mg/kg 50 days

ok pook ok

T**

Villi height (VH), villi width (VW), goblet cells (GC), muscularis externa (ME), submucosal collagen fibre thickness (SCFT), mucosa (M). 4: increase, {: decrease/reduction. ** rep-

resents significant changes.

T**

T**

‘L**

!

50mg/kg 21 days

Nziyane PN et al.

due to increase in tumor necrosis factor alpha (TNF-a)
secretion by intestinal macrophages in the diabetic intes-
tines, which ultimately cause production of active cas-
pase-8 which activates caspase-3, resulting in apoptosis
of goblet cells (Lau et al., 2012).

In the ileum of diabetic rats, the number of goblet
cells increased consistent with the view that the terminal
portion of the intestinal tract is less affected by diabetes
(Chen et al., 2012). Contrary to these findings, Akinola
et al,, (2009) reported a decrease in the number of goblet
cells in the ileum of diabetic rats, probably due to long-
er period of 50 days and the STZ dosage of 70mg/kg in
their experiment.

In the current study, an increase in the thickness of
the muscularis externa was recorded in the duodenum
and ileum of the diabetic group compared to the control
group in line with previous reports (Chen et al., 2012;
Zhao et al., 2017). The increase may be due to hyperpla-
sia, a condition in which the number of cells in the mus-
cularis externa increases, contributing to a rise in over-
all thickness (Zhao et al., 2003; Zhao et al., 2017). The
current study also reported a reduction in the ME of the
jejunum in the diabetic group compared to the control
group. The decrease of ME noted in the jejunum could
be due to the sensitivity of smooth muscle to oxidative
stress which increase cell death (Kashyap and Farru-
gia, 2011). A significant increase in the thickness of the
submucosal collagen fibre bundles of the diabetic group
was recorded in the duodenum, jejunum and ileum
compared to the control group in agreement with pre-
vious reports (Zhao et al., 2017; Lerkdumnernkit et al.,
2022). The above could be indicative of fibrosis caused
by inflammation and tissue damage in diabetic animals
(Lenti and Di Sabatino, 2019).

The current study recorded a significant increase
in the thickness of the mucosa, muscularis externa and
submucosal collagen fibre bundles compared to the
control group as previously reported (Zhao et al., 2017;
D’arpino et al., 2018). The increase in thickness of the
layers of the colon is due to inflammation (Kashyap
and Farrugia, len2011). Chronic inflammation can lead
to fibrosis, muscular hypertrophy and smooth muscle
hyperplasia leading to increased muscle thickness and
reduced flexibility (Gromova et al., 2021). Table 2 sum-
marises the comparisons of the findings of the effects of
STZ diabetes by different authors. It is apparent from the
table that the current study is the first to report on the
effects of STZ diabetes on the entire intestinal tissue and
that the longer duration the diabetic animals are kept in
experiments is a contributing factor in the contradiction
in the results by different authors
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CONCLUSION

In this study, we conclude that a dosage of 50mg/
kg of streptozocin (STZ) administered over a period
of 21 days is sufficient to induce diabetes and produce
observable tissue changes in various parts of the intes-
tines. This timeframe is deemed appropriate for future
research focused on analysing the effects of diabetes
mellitus on intestinal health. The findings also provide
a solid foundation for subsequent studies exploring the
therapeutic effects of antidiabetic treatments on intesti-
nal tissue.
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Abstract. Objectives: This review aims to present a developmental framework link-
ing embryonic lineage with non-heritable cutaneous anomalies to improve diagnos-
tic precision and educational approaches in dermatology. Materials and Methods:
A narrative literature review was conducted using PubMed, Scopus, and Web of Sci-
ence databases covering the years 2000-2025. Keywords included “skin development,’
“embryology,” “developmental checkpoint disorders,” and “non-genetic congenital dis-
orders” Data on morphogenesis, embryologic signaling pathways, and representative
disorders were synthesized into a layer-based model. Results: Disorders such as self-
healing collodion baby (periderm retention anomaly), pigmentary mosaicism (postzy-
gotic melanocyte patterning defect), and focal dermal hypoplasia (connective tissue
maldevelopment) reflect disruptions at specific morphogenetic checkpoints. Mapping
these conditions to their embryonic origins revealed layer-specific vulnerability win-
dows and facilitated differential diagnosis from inherited disorders. Understanding
these embryologic principles supports earlier diagnosis, informed prenatal counseling,
and structured integration into dermatology curricula. Advances in regenerative medi-
cine, particularly stem cell-based strategies, highlight the translational potential of der-
matoembryology in developing targeted therapies. Conclusion: A layer-oriented der-
matoembryological perspective enhances recognition of developmental skin disorders,
especially when genetic analyses are inconclusive. Incorporating embryologic concepts
into clinical reasoning not only improves diagnostic accuracy but also fosters regenera-
tive therapeutic innovations and enriches dermatology education.

Keywords: embryonic development, skin abnormalities, congenital disorders, derma-
tology, regenerative medicine.
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1. INTRODUCTION

Human skin is a complex, multilayered organ essen-
tial for homeostasis, immune defense, and environmen-
tal interaction. Structurally, it comprises three princi-
pal layers: epidermis, dermis, and hypodermis. Each
derives from distinct embryonic sources - surface ecto-
derm gives rise to the epidermis, mesoderm to the der-
mis and hypodermis, and neural crest cells to melano-
cytes, vascular elements, and select sensory structures
(1-3). While epidermal and dermal development has
been extensively characterized, the hypodermis remains
comparatively underexplored, despite its key functions
in mechanical cushioning, endocrine signaling, and
immune regulation. Recent advances in tri-layered skin
modeling demonstrate that inclusion of adipose tissue
enhances both structural fidelity and physiological rel-
evance in engineered constructs (4).

Skin morphogenesis begins in the third gestational
week, encompassing sequential processes such as epi-
dermal stratification, melanoblast migration, adnexal
morphogenesis, and maturation of the dermoepidermal
junction (2). Single-cell transcriptomic and spatial analy-
ses have revealed dynamic interactions between immune
and nonimmune populations during this period; nota-
bly, macrophages actively shape angiogenesis, neurogen-
esis, and hair follicle formation beyond their classical
immunologic roles (5). Keratinocyte differentiation pro-
ceeds from basal progenitors upward through spinous
and granular layers, with lineage specification orches-
trated by conserved signaling pathways - Wnt, Notch,
Hedgehog, FGF, and MAPK/ERK - operating in precise
spatiotemporal patterns (6-8). Although epithelial cells
are embryologically committed, regenerative studies
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highlight latent plasticity that links embryogenesis with
postnatal repair, bridging developmental and regenera-
tive dermatology (9).

Errors in these morphogenetic checkpoints may
result in clinically significant anomalies, some without
defined genetic etiologies. Conditions such as self-heal-
ing collodion membrane, pigmentary mosaicism, and
focal dermal hypoplasia illustrate how disruption of crit-
ical embryonic stages can yield cutaneous phenotypes
resembling monogenic disorders (2,10). For instance,
incomplete periderm desquamation beyond 21 weeks or
impaired melanoblast migration before week 12 exem-
plify layer-specific vulnerability windows that manifest
independently of identifiable mutations. Figure 1 sche-
matically correlates germ-layer origins with clinical phe-
notypes, underscoring the diagnostic utility of develop-
mental timing in dermatology.

Despite its relevance, dermatoembryology remains
underrepresented in dermatology training and diag-
nostic practice (11). A developmentally informed, layer-
specific perspective could strengthen early recognition
of congenital anomalies, refine prenatal assessments, and
foster integration between developmental biology and
clinical dermatology (12). Accordingly, this review delin-
eates the embryologic origins of major skin components,
analyzes how disruptions in developmental checkpoints
produce genetically undetermined disorders, and situ-
ates these insights within diagnostic reasoning, medi-
cal education, and regenerative medicine. Unlike tradi-
tional Mendelian paradigms, our framework emphasizes
embryologic timing and layer-specific vulnerability as
central to understanding dermatologic phenotypes.
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Figure 1. Embryology-Based Classification of Non-Genetic Skin Disorders. Schematic diagram showing the embryonic origins of skin
structures from ectoderm, neural crest, and mesoderm. Germ-layer derivatives are linked to their progenitor stages, mature structures, and
representative disorders arising from morphogenetic checkpoint disruptions. The model highlights the importance of developmental timing
and lineage specificity in shaping dermatologic phenotypes beyond Mendelian inheritance.
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2. OVERVIEW OF SKIN DEVELOPMENT
2.1. Embryological timeline

Skin development begins in the third week of embry-
ogenesis, involving coordinated morphogenetic events
derived from the ectoderm, mesoderm, and neural crest.
The surface ectoderm generates the epidermis, the mes-
oderm forms the dermis and hypodermis, and neural
crest cells contribute melanocytes and mechanosensory
structures (1-3). By week 4, the ectoderm appears as a
single-cell layer that thickens between weeks 4 and 6 into
a bilayer of proliferative basal cells and superficial peri-
derm (13). The periderm serves as a transient barrier and
is normally shed into the amniotic fluid by week 21 (14).
Simultaneously, mesenchymal cells differentiate into ear-
ly dermis, and neural crest-derived melanoblasts begin
migrating toward the basal epidermis around embryonic
day 50 (approximately week 7), continuing through weeks
8-12 under the influence of transcription factors such as
SOX10, PAX3, and MITF (15).

During the second trimester, epidermal stratification
accelerates, adnexal structures begin to form, and the
dermoepidermal junction matures. By the third trimes-
ter, the epidermis and dermis are structurally mature,
adnexal appendages such as hair follicles, glands, and
nails are largely developed, and vascularization, innerva-
tion, and immune cell colonization provide barrier and
sensory functions at birth (16). Figure 2 summarizes
these developmental milestones and highlights the tem-
poral coordination of epidermal, dermal, adnexal, and
immune maturation across gestation.

2.2. Epidermal and dermal layer formation

Between weeks 4 and 6, the surface ectoderm and
mesoderm initiate the formation of the epidermis and
dermis. The ectoderm gives rise to basal keratinocytes
and the transient periderm, which expands without divi-
sion and is shed by week 21 (13,14). Stratification begins
around week 11 with the appearance of an intermedi-
ate layer, and by week 24 the epidermis is composed of
spinous, granular, and cornified layers (13,17). Basal
cells express keratins K5 and K14 from week 8, while
suprabasal cells begin producing differentiation markers
such as filaggrin, involucrin, and loricrin. Together with
SPRs, envoplakin, and periplakin, these proteins are
cross-linked by transglutaminases to form the cornified
envelope.

The dermis, derived from mesenchymal precursors,
produces collagens I, III, V, and VI between weeks 8 and
12, and by week 14 it organizes into papillary and reticu-
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lar layers (18). The dermoepidermal junction matures in
parallel, with hemidesmosomes and type VII collagen
fibrils providing stable adhesion between epidermis and
dermis (17,18).

2.3. Melanocyte migration

Melanocytes originate from neural crest cells, which
undergo epithelial-to-mesenchymal transition before
migrating dorsolaterally toward the epidermis. Their
migration is regulated by transcription factors including
SOX10, PAX3, and MITF (19). During this process, mel-
anoblasts alter adhesion profiles, downregulating E-cad-
herin and adopting a P-cadherin phenotype to facilitate
epidermal integration (19,20). Chemotactic cues, most
notably SDF-1a/CXCL12 acting through CXCR4, direct
migration, while o-MSH enhances responsiveness (21).
These developmental mechanisms not only establish pig-
mentation during embryogenesis but also underpin post-
natal processes such as wound healing.

2.4. Adnexal structure formation

The formation of adnexal structures, including
hair follicles, sebaceous glands, sweat glands, and nails,
occurs through reciprocal epithelial-mesenchymal inter-
actions beginning around weeks 9-20. Hair follicles
develop from epidermal placodes and interact with der-
mal papillae to guide follicular differentiation and shaft
formation. Sebaceous glands arise from follicular epithe-
lium and release sebum by holocrine secretion. Eccrine
sweat glands develop independently from epidermal
downgrowths, forming coiled secretory units within
the deep dermis, whereas apocrine glands originate
from follicular structures in the axillary and anogenital
regions, releasing secretions via decapitation (22). These
developmental events are regulated by signaling path-
ways including WNT, EDA/EDAR, SHH, and BMP, and
disruption of these cascades results in ectodermal dys-
plasias (22,23).

2.5. Molecular signaling pathways

Skin morphogenesis is orchestrated by a network of
evolutionarily conserved signaling pathways. Wnt sign-
aling initiates placode formation and appendage pat-
terning, with Dkk1 acting as a major inhibitor. Notch
signaling regulates cell fate specification through lateral
inhibition, whereas FGF signaling promotes epithelial-
mesenchymal crosstalk critical for tissue morphogenesis.



16

Epidermal
Stratification &
Periderm

Dermis &
Vasculature

Adnexal
Structures

Nails &
Mammary
Ridge

Subcutaneous
Tissue

Diagnostic
Windows

Gestation Week

Gokhan Kaya et al.

Single-  Periderm  Basal intermediate Epidermal  Stratum Stratum  Comification Periderm Fully Maturation  Barrier  Epidermis
layer appears o layer forms stratification spinosum granulosum pi d 0 function fully
ectoderm Periderm expands  develops + epidermis stabilizes ~ mMature
layers corneum
No Neural  Melanoblasts Melanoblasts  Initial Immature  Pigment Dendritic ~ Functional  Pigment Regional iahle L
melanccyte  crest cells begindorsal reach basal 1 g st au:u%'\ulatlan pigment pigment melanqcvle
P migrate  migration Ia differentiation dispersed in develops. sent | Inskin | Yeten [distribution.|  denshy
et laterally ey ekl rika begins P Lt ¥ appears achieved
Mesenchyrmal Initial Dermal Formation Dermal Capillary Vascular Elastic Hair- Lymphatic | Increased Vascular Dermis
w"mi"w ﬁhruhl'ast collagen of papillary ridgg plexu_s loop enters fiber associated de!\’fre"oppmem vascular  maturation  structurally
differentiation synthesis and undulations  formation dermal network  vasculature initiates i |
starts reticular appear begins papilla expands emerges o L
layers
Epidemal  Hair follicle  Hairgerm  Hairpeg  Sebaceous  Outer& Hairshaft  Lanugo Eccrine Coilingof ~ Apocrine Follicle- Functional
dmi’:b?\r:tm placode elongates and dermal bud innerroot  keratinization  hairs sweat eccrine glands adnexal appendage
formation  into dermis  papilla emerges sheaths begins present gland secretory sprout unit structures
appear  from follicle form primordia portion  fromfollicle  matures  established
bud
Nail field  Nail fold Germinal  Keratinization Nail Finger nail Toe nail Mammary Mammary Epithelial Nipple Breast Functional
thickening and groove matrix of nail plate  emerges  reachestip reachestip ridge (milk buds branching ~ evaginates rudiment  maturity at
appears  formation forms begins from (~Wk 32) (~Wk 36) line) forms develop in of prepartum  present at birth
eponychium thoracic lactiferous birth
area ducts
Mesenchymal |nitial Onset of Formation First Primitive  Adipocyte ion of Early Functional Fully
fibroblast  preadipocyte  of loose  appearance fa jobules lipid adpose subcutancous offatlobules  fat layer  thermal  developed
proliferation ffereniaion connective o emerge lation COMPartments  fatlayer - increases yhickens insulation  subcutaneous
tissue adipocyte begins develops fat at birth
clusters
Neridge  Epidermal Ridges Primary Sweat  Secondary Ridge Digitalpad ~ Finalridge  Pattern Ridge Stable  Dermatoglyphic
pattems  ridges align along ridge gland ridge patterning ~ regression  contours  deepens differentiationdermatoglyphic  patterns
visibleyet beginto  volarpads formation  ducts align ion  individual occurs i with continues PRDER complete
form progresses  with ridges begins cornification
No Precursor Myeloid First Epidermal ~ Langerhans Functional |angerhans Increase in Final Resident  Tolerogenic Full
immune hematopoietic progenitors  Langerhans  seedingof  cells begin markers  cells evenly epidermal Langerhans  memory T epidermal complement
cell cells form  migrate to cell Langerhans  dendritic (cD1a, distributed Langerhans cell cellsbegin  immune of epidermal
presence dermis  precursors cells extension  Langerin) cell density POsitioning  colonization niche forms ~ immune cells
in skin identified expressed stabilizes present
el No Non-invasi Chorionic ~ DNA-based i i Fetal skin terin Targeted  Monitoringof  Postnatal
enetic dermatologic prenataltesting  villus prenatal  analysisof ~ Accessible skintelated biopsy  MRlaidsin | mutation established  correlation
agnosis - diagnostics (NIPT): limited  sampling  diagnosis fetal (Wk 15-18) malformations feasible (wk  Structural testing in ancmalies  essential for
(eb)for  applicable usein (CVS)  (genodermatoses) | ;13 (eg.edema,  17-22) skin known skin  (Ultrasound/ definitive
dermatology  possible (Wk epidermis collodion evaluation disorders / MRI) dermatologic
skin diseases 10-12) bt} etal diagnosis
echogenic
skin
Wnt/B- BMP Notch p63 Shh (Sonic  Edar/NF- FGF TGF-p MITF SCF/c-Kit IL-34and VEGF-driven  Pathway
catenin  signaling  signaling expressedin Hedgehog) KB signaling  modulates  controls pathway CSFIR guide angiogenesis  activity
activation suppresses regulates basal drives hair  pathway supports b L h indermal  declines as
initiates neural  stratification keratinocytes  follicle involved in dermal  membrane survival and melanocyte cell vasculature differentiation
epidermal differentiation  onset (epidermal ~ placode  appendage  papilla-  and dermal dif iati i i iati I
fate  in ectoderm i i matrix
crosstalk
i @ L 3 #r a
R - e | : Sy
i ~ b (21N
4 6 8 10 12 14 === 16 === 15 === J) === 7] === 235 === 37 36
. | 7= .
First . second ;!9; Third
Trimester (I Trimester " Trimester

%‘/

Figure 2. Developmental Timeline of Human Skin. Schematic overview of key embryonic and fetal milestones between gestational weeks
4-36. The timeline highlights epidermal stratification, melanocyte differentiation and migration, dermal and adnexal morphogenesis, nail
and mammary ridge development, immune cell colonization, and major molecular signaling events that coordinate skin maturation.

BMP signaling drives epidermal differentiation while
suppressing appendage formation in the interfollicular
epidermis (8,24). MAPK/ERK signaling integrates pro-
liferative and differentiative cues, contributing both to
morphogenesis and to regenerative capacity (24). The
precise temporal coordination of these pathways ensures
normal skin development, while their dysregulation

produces congenital dermatologic disorders and offers
potential therapeutic targets for regenerative strategies.
Figure 3 illustrates the sequential progression of epider-
mal stratification, melanocyte differentiation, dermal
remodeling, adnexal development, and hypodermal mat-
uration throughout gestation.
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Figure 3. Temporal Differentiation of Skin Layers and Adnexal Structures. Schematic overview of human skin development from gestation-
al weeks 4-36, showing epidermal stratification, melanocyte differentiation, dermal remodeling, adnexal formation (hair follicles, glands),
and maturation of subcutaneous adipose tissue leading to a fully functional integument at term.

3. DEVELOPMENTAL DEFECTS AND
RELATED NON-GENETIC DISORDERS

3.1. Periderm defects

The periderm, a transient embryonic layer, protects
the developing epidermis and contributes to epithe-

lial integrity and amniotic exchange. Failure of timely
shedding produces the collodion baby phenotype, often
linked to TGMI1 mutations in autosomal recessive ich-
thyoses (25,26). In some cases, spontaneous resolution
occurs as self-healing collodion baby (27). Persistent
periderm caused by IRF6, IKKa, or SEFN mutations
underlies syndromes such as popliteal pterygium and
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Figure 4. Basal layer and stratification defects in epidermal devel-
opment. (a) Epidermolysis bullosa simplex with plantar erosions
due to KRT5/KRT14 mutations impairing keratin filament stability.
(b) Schematic of AEC (ankyloblepharon-ectodermal dyspla-
sia—clefting) syndrome from TP63 mutations, showing scalp ero-
sions, ankyloblepharon, clefting, nail and hair abnormalities, and
impaired adnexal development.

Bartsocas-Papas (28). Harlequin-like collodion due to
ABCA12 variants represents a milder defect with poten-
tial for improvement under supportive care (29). Vernix
caseosa, composed of periderm remnants and sebaceous
secretions, supports maturation and thermoregulation;
its absence predisposes premature infants to dehydration
and infection, reflecting a clinically relevant model of
incomplete skin maturation (30).

3.2. Basal Layer and stratification defects

Abnormal keratinocyte proliferation and stratifica-
tion in the basal layer result in distinct disorders. Muta-
tions in KRT5 or KRT14 cause epidermolysis bullosa sim-
plex (EBS), characterized by intraepidermal blistering of
variable severity (31). PLEC mutations lead to syndromic
EBS with muscular dystrophy, while TP63 mutations dis-
rupt stratification and adnexal development, producing
AEC (Hay-Wells) syndrome with erosions, ankyloblepha-
ron, clefting, and nail anomalies (32) (Figure 4).

3.3. Granular layer and cornification abnormalities

Cornification defects include epidermolytic ichthyo-
sis, caused by dominant KRT1 or KRT10 mutations,
presenting with neonatal blistering that progresses to
diffuse hyperkeratosis with suprabasal cytolysis and
clumped keratohyalin granules (33). Lamellar ichthyosis,

Gokhan Kaya et al.

Figure 5. Epidermolytic ichthyosis: clinical manifestation. Clini-
cal photograph of a child with dominant KRT1/KRT10 mutations,
showing neonatal blistering evolving into diffuse hyperkeratosis
with verrucous plaques, erosions, and secondary infection. Histol-
ogy demonstrates suprabasal cytolysis, clumped keratohyalin gran-
ules, and perinuclear vacuolization.

classically recessive, has also been linked to dominant
NKPDI mutations, producing milder congenital scaling
(34) (Figure 5).

3.4. Embryological pigment patterning defects

Defects in melanocyte function and patterning cre-
ate pigmentary anomalies. Oculocutaneous albinism
type 1 (OCAL), due to TYR mutations, manifests as
generalized hypopigmentation despite normal migra-
tion (35,36). Segmental pigmentary disorders, including
hypomelanosis of Ito and nevus depigmentosus, result
from postzygotic mosaicism (37,38). Becker nevus, asso-
ciated with ACTB mutations, presents with unilateral
hyperpigmentation and hypertrichosis, whereas nevus
spilus exhibits scattered dark macules over lighter patch-
es (39,40) (Figure 6).
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Figure 6. Clinical spectrum of embryological pigment patterning defects. (a) Oculocutaneous albinism (TYR mutation) with generalized
hypopigmentation and nystagmus. (b) Nevus depigmentosus: stable, segmental hypopigmented macule. (c) Hypomelanosis of Ito: mosaic
hypopigmentation along Blaschko’s lines with extracutaneous anomalies. (d) Becker nevus: unilateral hyperpigmentation with hypertricho-
sis, linked to ACTB mutations. (e) Nevus spilus: benign mosaic disorder with dark macules on a lighter background.

3.5. Dermal formation defects

Dermal development depends on positional iden-
tity maintained by HOX gene expression (40). Mutations
in collagen genes (COL1A1, COL3A1, COL5A1) cause
Ehlers-Danlos syndromes, with skin hyperextensibility,
fragility, and vascular complications (41,42). In contrast,
focal dermal hypoplasia (Goltz syndrome), caused by
PORCN mutations, produces linear dermal atrophy, fat
herniation, and skeletal anomalies (43) (Figure 7).

3.6. Dermal-epidermal junction defects
Defects at the dermoepidermal junction manifest

as different subtypes of epidermolysis bullosa. Muta-
tions in KRT5, KRT14, or PLEC produce EBS with

basal keratinocyte cleavage; LAMA3, LAMB3, LAMC2,
COL17A1, or ITGB4 mutations cause junctional EB
(JEB) with lamina lucida blistering (44,45); and COL7A1
mutations lead to dystrophic EB (DEB) with sublamina
densa cleavage, scarring, and SCC risk (46). Kindler syn-
drome (FERMT]I) features mixed-level cleavage, poikilo-
derma, photosensitivity, and cancer predisposition (47)
(Figure 8).

3.7. Adnexal development defects

Defective appendage development produces diverse
phenotypes. Hypohidrotic ectodermal dysplasia (EDA,
EDAR, EDARADD) presents with hypotrichosis, hypo-
dontia, and hypohidrosis (48). FOXN1 mutations cause
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Figure 7. Comparative features of connective tissue disorders:
Ehlers-Danlos syndrome and Goltz-Gorlin syndrome. (a) Ehlers-
Danlos syndrome (EDS): schematic showing hypermobile joints,
hyperextensible skin, atrophic scars, and tissue fragility due to col-
lagen gene mutations (COL5A1, COL5A2, COL3Al). (b) Goltz-
Gorlin syndrome (focal dermal hypoplasia): clinical image with
patchy dermal atrophy along Blaschko’s lines, fat herniation, skeletal
asymmetry, and linear hypo-/hyperpigmented streaks.

alopecia, nail dystrophy, and severe T-cell immunodefi-
ciency (49). Monilethrix (KRT81/83/86) is characterized
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by fragile, beaded hairs and keratosis pilaris (50). Tri-
cho-dento-osseous syndrome involves curly hair, enamel
hypoplasia, and skeletal sclerosis (51). Nevus sebaceous
of Jadassohn is a congenital hamartoma with risk of
secondary BCC, while Gorlin syndrome (PTCH1 muta-
tions) links follicular morphogenesis defects to multiple
BCCs and systemic anomalies (19,52,53) (Figure 9).

3.8. Embryological patterning lines

Cutaneous mosaic disorders often follow Blaschko’s
lines due to postzygotic mutations (54). Incontinentia
pigmenti (IKBKG) progresses through vesiculobullous,
verrucous, hyperpigmented, and atrophic stages, often
with dental, ocular, and neurological abnormalities (56).
Epidermal nevi, either isolated or syndromic, similarly
trace embryonic patterning lines (55,57) (Figure 10).

3.9. Externally induced developmental defects

Exogenous factors may disrupt embryonic skin
development. Amniotic band sequence causes con-
strictions and limb defects (58). Valproic acid expo-
sure induces neural tube and craniofacial anomalies
via epigenetic and folate metabolism interference (59).

Junctional EB (JEB)

Figure 8. Structural and clinical features of dermal-epidermal junction disorders. (a) Kindler syndrome (FERMT1 mutation) showing trau-
ma-induced blistering, poikiloderma, photosensitivity, mucosal involvement, and increased SCC risk. (b) Schematic of the epidermal-der-
mal junction (EDJ) highlighting adhesion structures. Disruption causes distinct epidermolysis bullosa (EB) subtypes: EBS (KRT5, KRT14,
PLEC; basal keratinocyte cleavage), JEB (COL17A1, LAMA3, LAMB3, LAMC2, ITGB4; lamina lucida blistering), and DEB (COL7A1;

sublamina densa cleavage with scarring).
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Figure 9. Clinical presentation of adnexal development disorders. (a) Hypohidrotic ectodermal dysplasia (EDA/EDAR/EDARADD muta-
tions): sparse hair, hypodontia with conical teeth, and perioral wrinkling. (b) Nevus sebaceous of Jadassohn: congenital yellowish alopecic
scalp plaque with risk of secondary BCC. (c) Monilethrix (KRT81/83/86 mutations): patchy occipital alopecia with fragile beaded hair
shafts and associated keratosis pilaris. (d) Gorlin syndrome (PTCH1 mutation): multiple basal cell carcinomas, odontogenic cysts, palmar/

KRT81, KRT83, DSG4

plantar pits, skeletal anomalies, and craniofacial features.

Excess retinoic acid produces craniofacial malforma-
tions through retinoid receptor activation (60). Infec-
tions such as congenital cytomegalovirus and Zika virus
impair growth and neurodevelopment, particularly with
early gestational exposure (61,62). Figure 11 presents an
embryology-based diagnostic framework that integrates
lesion timing, morphology, and layer attribution for con-
genital skin anomalies.

4. DISCUSSION

4.1. Diagnostic utility of dermatoembryology

Dermatoembryology provides a valuable interpretive
framework for prenatal dermatologic diagnosis, particu-

larly for congenital anomalies of developmental rather
than strictly genetic origin. Cutaneous structures derive
from distinct embryological layers: ectoderm produces
the epidermis and periderm, mesoderm forms dermal
and vascular components, and neural crest cells give
rise to melanocytes and some dermal elements. Each fol-
lows a defined developmental timeline: periderm forms
by week 5 and regresses by week 21, while melanocyte
migration occurs between weeks 8 and 12 (63). Recog-
nizing these sequences is critical when interpreting fetal
biopsies or ultrasonography.

Persistence of the periderm beyond week 22 may
indicate delayed epidermal maturation, clinically mani-
festing as a transient collodion membrane. Likewise,
impaired melanocyte migration or differentiation may
explain segmental hypopigmentation patterns that are
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Figure 10. Cutaneous stages of Incontinentia Pigmenti. Inconti-
nentia pigmenti is an X-linked dominant genodermatosis caused by
mutations in the IKBKG (NEMO) gene, primarily affecting females.
The disease progresses through four characteristic cutaneous stages,
often following Blaschko’s lines: Stage 1 (Vesiculobullous stage):
Linear or grouped vesicles and bullae appearing shortly after birth.
Stage 2 (Verrucous stage): Hyperkeratotic, wart-like papules typi-
cally seen in the first few weeks of life. Stage 3 (Hyperpigmented
stage): Swirling or streaked hyperpigmented macules appearing
during infancy or early childhood. Stage 4 (Atrophic/hypopigment-
ed stage): Residual hypopigmented or atrophic streaks in adoles-
cence or adulthood, often persistent. These stages may overlap or
vary in duration and intensity between individuals. In addition to
skin findings, the condition may involve dental, ocular, neurologi-
cal, and hair anomalies.

evident at birth but not attributable to known genoder-
matoses. Such findings, particularly when genetic test-
ing is inconclusive, underscore the role of developmen-
tal landmarks in prenatal diagnosis, as also supported
by recent whole-exome sequencing (WES) studies (64).
Thus, dermatoembryology bridges morphology with pre-
natal diagnostics, offering a layer-specific perspective that
enhances both invasive and non-invasive assessments.
Figure 11 illustrates this integrated diagnostic approach.

4.2. Educational integration: teaching dermatologic devel-
opment

Despite its relevance, dermatologic embryology
remains underrepresented in medical curricula, lead-
ing to fragmented knowledge (11). A layer-based teach-
ing model that links ectodermal, mesodermal, and neu-
ral crest derivatives to common dermatologic conditions
could strengthen both basic science education and clini-
cal reasoning. Fakoya et al. (12) highlighted the need
for an internationally standardized embryology syllabus
emphasizing clinical translation, while Moraes et al. (65)
showed that case-based and multimedia-enhanced teach-
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ing improves student engagement. Incorporating such
approaches into dermatology education - particularly in
pediatrics and prenatal dermatology - may foster early
pattern recognition, diagnostic accuracy, and apprecia-
tion of developmental timing in cutaneous pathology.

4.3. Future directions: a stem cell perspective

Recent advances in stem cell biology have expand-
ed the translational potential of dermatoembryology.
Skin-derived stem cells, including epidermal stem cells
(EpSCs), mesenchymal stromal cells (MSCs), and neural
crest-derived melanocyte precursors, are central to both
development and regeneration (66). These cells, residing
in niches such as the basal epidermis, hair follicle bulge,
and dermis, are regulated by pathways including Wnt/p-
catenin, Notch, and p63 (67). Their plasticity is evident
during wound healing, where follicular stem cells con-
tribute to interfollicular repair, recapitulating develop-
mental programs (68).

Stem cell-based therapies have shown promise in
chronic wounds, autoimmune dermatoses, and heredi-
tary blistering disorders. Adipose- and bone marrow-
derived MSCs enhance re-epithelialization, angiogen-
esis, and immunomodulation in both experimental and
clinical settings (69,70). Induced pluripotent stem cells
(iPSCs) from dermal fibroblasts offer opportunities for
gene-corrected autografts in conditions such as epi-
dermolysis bullosa (66). Emerging human skin explant
(HSE) models further demonstrate that ex vivo tissue
maintains architecture, immune competence, and multi-
potent stem cell reservoirs (SKPs, MSCs), enabling stud-
ies on neuro-immune-cutaneous interactions relevant to
both regenerative medicine and drug development (71).

5. CONCLUSION

Human skin develops through tightly coordinated
interactions among ectodermal, mesodermal, and neural
crest-derived lineages, each contributing to its structural
and functional integrity. While dermatology research
often emphasizes genetic causes, many congenital dis-
orders arise instead from developmental disruptions at
critical morphogenetic checkpoints. Examples include
anomalies in periderm shedding, melanoblast migration,
dermal extracellular matrix formation, and adnexal mor-
phogenesis, all of which can be traced to layer-specific
vulnerabilities during embryogenesis.

A dermatoembryological, layer-oriented framework
improves diagnostic accuracy, particularly when genetic
testing is inconclusive, and supports prenatal counseling,
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Action — Supportive care, monitor
for desquamation; genetic testing
nn];ﬁ persistent or syndromic
features arise

Figure 11. Embryology-Guided Diagnostic Framework for Congenital Skin Lesions with Clinical Case Applications. (a) Diagnostic algo-
rithm presenting a structured, five-step approach integrating lesion anatomical localization, morphology, timing of onset, embryological
layer attribution, and clinical decision pathways for congenital dermatologic anomalies. (b) Illustrative application of this diagnostic frame-
work to three representative clinical scenarios: Mongolian spot (neural crest-derived pigmentary delay), aplasia cutis congenita of the scalp
(mesodermal fusion defect), and self-healing collodion baby (ectodermal periderm retention anomaly). This model facilitates targeted diag-
nostic evaluation and clinical management based on embryological insights.
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Table 1. Embryological Origins of Cutaneous Stem Cells and Their Therapeutic Potential. This table summarizes major stem cell types
involved in skin development and regeneration, categorized by their embryological origins. It highlights their differentiated outcomes and

potential clinical or research applications in dermatology.

Emb{z:;ic;glcal Stem Cell Type(s) Differentiated Outcomes Clinical/Research Applications
Ectoderm Epidermal Stem Cells (EpSCs) Keratinocytes, epidermis layers Epidermolysis bullosa, skin grafting,

Neural Crest ~ Melanocyte SCs, EPI-NCSC

Mesoderm Mesenchymal Stromal Cells (MSCs)

myocytes
iPSC-derived
(Exogenous)

Melanocytes, neural/glial lineages

Fibroblasts, adipocytes, endothelial,

iPSC-derived keratinocytes/fibroblasts Any germ-layer lineage (pluripotent)

wound healing

Pigment disorders, vitiligo, melanoma
modeling

Wound healing, fibrosis modulation,
immunotherapy

Gene-corrected autografts, in vitro
disease modeling

early biopsy decisions, and interdisciplinary manage-
ment. Incorporating these principles into medical cur-
ricula also enriches dermatology education by deepening
understanding of congenital anomalies and their devel-
opmental origins.

Finally, the same principles carry translational val-
ue: regenerative dermatology increasingly leverages stem
cell biology and developmental pathways to restore tis-
sue architecture. Together, these insights emphasize the
diagnostic, educational, and therapeutic importance of
embryology in contemporary dermatologic practice.

ABBREVIATIONS

ABCAI12: ATP-binding cassette sub-family A member 12
ABS: Amniotic band sequence

ACTB: Actin beta

ADHD: Attention deficit hyperactivity disorder
AEC: Ankyloblepharon-ectodermal defects-cleft lip/pal-
ate (Hay-Wells) syndrome

ASD: Autism spectrum disorder

BMP: Bone morphogenetic protein

CXCL12: C-X-C motif chemokine ligand 12
CXCR4: C-X-C chemokine receptor type 4
DEB: Dystrophic epidermolysis bullosa

DEJ: Dermoepidermal junction

EBS: Epidermolysis bullosa simplex
E-cadherin: Epithelial cadherin

EDAR: Ectodysplasin A receptor

EDARADD: EDAR-associated death domain
EDA: Ectodysplasin A

EpSCs: Epidermal stem cells

FGF: Fibroblast growth factor

FOXNI1: Forkhead box N1

HED: Hypohidrotic ectodermal dysplasia
HSE: Human skin explants

iPSCs: Induced pluripotent stem cells

IRF6: Interferon regulatory factor 6

IKKa: IxB kinase alpha

JEB: Junctional epidermolysis bullosa

KRT: Keratin

LAMA3, LAMB3, LAMC2: Laminin subunits a3, 3, y2
MAPK/ERK: Mitogen-activated protein kinase/extracel-
lular signal-regulated kinase

MITEF: Microphthalmia-associated transcription factor
MSCs: Mesenchymal stromal cells

NKPDI1: NTPase KAP family P-loop domain-containing
protein 1

OCA1: Oculocutaneous albinism type 1

PAX3: Paired box gene 3

P-cadherin: Placental cadherin

PLEC: Plectin

SAM: Sterile alpha motif

SCs: Stem cells

SDF-1a: Stromal cell-derived factor 1 alpha

SFN: Stratifin

SHH: Sonic hedgehog

SKPs: Skin-derived precursors

SOX10: SRY-box transcription factor 10

TDO: Tricho-dento-osseous syndrome

TGM1: Transglutaminase 1

TP63: Tumor protein p63

TYR: Tyrosinase

VPA: Valproic acid

WES: Whole-exome sequencing
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Abstract. Background: The research takes inspiration from field trips at the Ufhzi
Gallery organized by the Department of Medicine of the University of Florence, in
which professors encourage students to discuss medical aspects of artworks, and the
participation of an art historian fosters interdisciplinary dialogue. Methods: The
research started with the historical contextualisation and stylistic and iconograph-
ic analysis of the painting. Then, it dealt with the evaluation of Renaissance medical
sources and the bibliography about the painting. Lastly, it compared the painting with
contemporary texts and images. Results: The research evidenced that Pesellino meant
to represent an anatomy lesson as it used to be carried out in Medieval universities,
under the guise of a miracle of saint Anthony of Padua. Conclusions: The paper could
contribute to the investigation of anatomical knowledge of artists and iconographic
documentation of medical practice in the fifteenth century.

Keywords: art and medicine, history of anatomy, anatomical dissection, Uffizi, Vesa-
lius.

INTRODUCTION

The predella of the Madonna and Child Enthroned with Saints Francis of
Assisi, Cosmas and Damian, Anthony of Padua (Novitiate Altarpiece) by Fra
Filippo Lippi is the only painting by Francesco di Stefano, known as Pesel-
lino, cited by Vasari in his Lives of the Artists. [1]

Lippi’s altarpiece was commissioned by Cosimo de’ Medici for the
Novitiate Chapel in S. Croce in Florence, and it is dated between 1442 and
1450, as Pesellino, born in 1422, could not have painted the predella before
that date. Furthermore, the Novitiate Chapel, designed by Michelozzo at the
behest of Cosimo de” Medici, was completed in 1445. [2] [3]
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The predella was probably painted in conjunction
with the altarpiece. In 1813, it was removed from the
Accademia Gallery in Florence; subsequently, it was
taken to France and divided into two parts. The left one,
with the Stigmata of St. Francis and the Miracle of Saints
Cosmas and Damian, remained at the Louvre, but it was
copied. The copies are now at the Uffizi with the rest of
the predella, depicting the Nativity, the Martyrdom of
Saints Cosmas and Damian, the Miracle of the Miser’s
Heart of St. Anthony of Padua. [4]

Pesellino’s biography seems to confirm his collabora-
tion with Filippo Lippi approximately between 1445 and
1450; in fact, Pesellino’s works in this period are similar
to Lippi’s, while maintaining echoes of Fra Angelico, his
probable teacher. [5]

The panel representing the Miracle of the Miser’s
Heart, one of the best-known miracles of Saint Anthony
of Padua, is an important testimony to the diffusion of
anatomical dissection [Figure 1].

DESCRIPTION

Arnaldo da Serrano drew the subject of chapter
fifty-two of the Liber Miraculorum (written circa 1370)
from the biography of Saint Anthony of Padua written
at the beginning of the fourteenth century by the Fran-
ciscan Giovanni Rigaldi, who had heard it from Brother
Pietro di Raimondo, the author of an anthology of mira-
cles attributed to the intercession of Saint Anthony. [6]
According to the hagiographies dedicated to the saint
(especially Sancti Antonii Vita by Sicco Polentone), dur-
ing the funeral of a very rich and greedy man in Tusca-
ny Saint Anthony shouted that the deceased should not
be buried in consecrated ground, because his soul was
damned to hell and his body heartless, according to the
saying of Jesus: “For where your treasure is, there also
will your heart be” (Luke 12, 34). The shocked bystand-
ers called some doctors, who opened the deceased’s
chest and did not find the heart, which was found in the
safe, among the money that the miser had loved above
everything else, instead. [7]

Pesellino - perhaps to extol the art of medicine,
consequently the Medici family, patron of the Novitiate
Chapel - focused the scene on the physician performing
the dissection, who inspects the visibly empty opening
of the ribcage, to the amazement of his colleagues, while
three women listen to the saint speaking from a wooden
pulpit. In another room, on the left, a young man opens
the strongbox of the deceased to look for the heart.

Some critics see Cosimo’s imprint in the choice of
the story, which can be interpreted both as a model of
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Figure 1. Francesco di Stefano called Pesellino, The Miracle of the
Miser’s Heart of St. Anthony of Padua, detail of the predella of the
Novitiate Altarpiece by Filippo Lippi, 1442-50, tempera on panel, 35
x 144 x 12 cm, Florence, Galleria degli Uffizi (© Gabinetto Fotogra-
fico delle Gallerie degli Uffizi)

Franciscan preaching virtue for novices and as a warn-
ing against avarice, since, according to Vespasiano
da Bisticci, Cosimo tried to atone for his sin of usury
through religious patronage. [8]

DISCUSSION

The scene depicts a ‘testimonial’ autopsy, almost an
expert opinion. [9]

The man wearing a red lucco (a long hooded sur-
coat) can be identified with the physician intent on dis-
secting the miser’s body.

Details such as the coins in the strongbox, the physi-
cian’s robe, and the hat are painted accurately; everything
converges everything converges toward the vanishing
point, located at the anatomist’s position, in order to give
credibility to the miraculous, visibly significant event.

The central figure of the young doctor, assisted by
an older male figure with a red cap, fits in the typical
Renaissance iconography of doctors, the only ones able
to wear a lucco as a symbol of their rank, according to
Florentine sumptuary laws. [10]

In fact, the physician saints Cosmas and Damian are
usually represented with this clothing.

In Pesellino’s painting, St. Anthony encourages the
opening of the body, documenting a practice that had
already partially established itself but was still far from
the High Renaissance revolution, which would be spear-
headed by Jacopo Berengario da Carpi and Andreas
Vesalius in the sixteenth century. [11]

Dissection of the human body as a teaching tool to
show its anatomy to medical students began to be prac-
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ticed in the Christian West between the late thirteenth
and early fourteenth centuries. Mondino de’ Liuzzi per-
formed the first public autopsy in Bologna in 1315: he
opened the corpses of two women fifteen years after the
promulgation of Boniface VIIT’s bull Detestandae feritatis,
published in 1299. [12] This bull has often been interpret-
ed as an explicit ban by the Church on the dismember-
ment of corpses and, therefore, on dissection. Actually, it
was directed against the custom of separating the bones
from the soft parts of corpses to bring back the remains
of people who had died abroad to their homeland.

Anatomical dissection represented a sector in which
different attitudes clashed, from prohibition to regula-
tion and institutional control of anatomical practice,
from rhetorical procedures to the norms with which the
manipulation and opening of cadavers was progressive-
ly authorized. [13] Only thanks to the decision of Pope
Sixtus IV, who authorized anatomical practice in 1472
because it was useful for medicine and art, it was pos-
sible to begin the systematic study of the human body.

In the late Middle Ages, dissection involved three
people: the reader (lector), a custodian of knowledge,
who read Galen’s texts; the anathomist (dissector) who
cut the corpse; and the commentator (ostensor) who
indicated the bodily parts as the reader mentioned them.

The reader, however, was far from the corpse and
restricted himself to explaining what Galen had written
without verifying the truthfulness of Galen’s words.

In fact, Galen had conducted animal anatomies,
managing to build a system that brought medicine and
religion together, remaining valid until well into the
Renaissance. [14]

In this scene, St. Anthony represents the lector, who
preaches from the height of his role and his seat.

The opening of the corpse of the miser painted by
Pesellino is far from the dramatic depiction of the same
subject by Donatello by Donatello in the altar of the
Basilica del Santo in Padua, but it looks like the ‘unbut-
toning of a doublet’. [9]

The precision and specificity of the gesture leave no
doubt about the fact that the painter wanted to represent
an anatomical dissection, according to a well-known
compositional scheme, with the aligned and foreshort-
ened disposition of the bystanders and the chest with the
miser’s heart above the pile of coins on the left, almost
modestly preserved in another room.

The exploration is exclusively aimed at identifying
the heart in situ and avoids the first part of the canoni-
cal dissection, which, in this period, would have started
from the abdominal cavity, which contained less noble
and more easily deteriorated organs, and was dissected
first, followed by the thorax, head, and extremities.

A true revolution only took place thanks to Vesalius,
because Vesalius came down from the lector’s throne and
no longer needed a dissector and an ostensor, as he car-
ried out all the three functions himself. At that point, he
saw Galen’s mistakes and he was able to correct them.

But by now, times had changed.
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Abstract. Ferroptosis is a form of cellular death involved in the origin, progression, but
also regulation of several human diseases. Its regulatory role in the gut-liver-brain axis
(GLBA) has not been clarified. Therefore, we sought to summarize the possible cor-
relations between ferroptosis and the GLBA. In this review, we first introduce the phe-
notype and the main mechanisms of this relatively newly described form of regulated
cell death. Then, we analyse the anatomy of the GLBA, describing the connections
between the gut and the liver, followed by the anatomical pathways from the gut to
the brain and from the liver to the brain. After the morphological aspects, we summa-
rize the main biological modulators of the GLBA, highlighting their physiological and
pathological roles. In the end, we discuss in detail the regulatory role of ferroptosis on
neuroinflammation and oxidative stress along GLBA, highlighting the key aspects that
could be of significant clinical importance as future diagnostic and therapeutic targets.

Keywords: ferroptosis, gut-brain axis, neuroinflammation.

1. FERROPTOSIS: A NEW FORM OF NON-APOPTOTIC CELL DEATH

Ferroptosis is an iron-dependent, lipid peroxidation-driven form of regu-
lated cell death (RCD). First discovered by Brent R. Stockwell et al. (2012),
it was described as erastin-induced cell death characterized by a peculiar
phenotype.! Morphological (such as loss of membrane integrity, swollen of
the cytoplasm and smaller mitochondria), biochemical and genetic features
distinguish ferroptosis from the other types of RCD described to date?. The
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regulation of this unique process of cell death is closely
linked to the interplay between iron, lipid and amino
acid metabolism resulting in oxidative perturbations of
the intracellular microenvironment and loss of redox
homeostasis. Recent advances in the discovery of fer-
roptosis markers revealed how ferroptosis is the main
feature of a series of physiological processes, including
tumor suppression pathways and adequate immuno-
logical response.® The relevance of ferroptosis is further
highlighted by its role in the development of patho-
logical conditions, spanning from kidney injuries and
endocrine imbalances to neurodegenerative disorders?,
including Alzheimer’s Disease (AD) and Parkinson’s Dis-
ease (PD) along with synucleinopathy.®

1.1. Molecular and morphological phenotypes

The buildup of peroxidized lipids, resulting in the
unrepaired damage of cell membranes, is the ultimate
driver of ferroptosis.®” The contribution of different
organelles in the biochemical evolution of ferroptosis
explains the main morphological changes affecting these
subcellular compartments. Mitochondria can add up to
cysteine-starvation mediated GSH-depletion-induced
damage by means of electrons leakage from the cel-
lular respiration machinery, which would facilitate the
initiation of a Fenton reaction by producing hydrogen
peroxide. The endoplasmic reticulum, being the criti-
cal site of lipid peroxidation, is fundamental for cluster-
ing of oxidized Poly-Unsaturated Fatty Acids (PUFA)
and phospholipids (PLs) leading to progression of fer-
roptosis.” Overall, the modifications at the cellular and
subcellular levels include: mitochondria shrinkage and
cristae reduction or disappearance, increased endoplas-
mic reticulum viscosity and ER membrane stiffness, loss
of plasma membrane structural and functional integrity,
and possible formation of pores that can promote mem-
brane rupture.®-1!

1.2. Mechanism

The molecular mechanism of ferroptosis is driven
by the increase of intracellular ferrous iron (Fe?*), capa-
ble of subsequently promoting both non-enzymatic
and enzymatic lipid peroxidation by initiating a Fen-
ton reaction or by exploiting its role as a critical cofac-
tor of lipoxygenases.!? The detrimental effects of lipid
peroxidation fall into two, possibly overlapping, catego-
ries:'* direct dampening of cellular membranes stability
and formation of lipid pores, with consequent increase
the permeability of the membranes, or the activation of
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downstream signaling pathways that result in membrane
perforation.!*15

Iron homeostasis, primarily controlled by the hepat-
ic secretion of hepcidin,'® is met by a tightly balanced
exchange of iron between extracellular and intracellular
compartments, in which the transition metal is found as
ferric (Fe’*) and ferrous (Fe**) iron, respectively.!” The
expansion of the cellular labile iron pool (LIP), reach-
ing more than 5% of total cell iron,'® promotes reactive
oxygen species (ROS) formation through the reaction
of ferrous iron with hydrogen peroxide, according to
Fenton chemistry.!” The rise in intracellular Fe** could
be secondary to a variety of conditions, which include:
(i) an increase of transferrin receptor (TFR1) expres-
sion, (ii) RAS mutations or NCOA4-mediated ferritin-
ophagy, which induces a decrease in ferritin levels,*?!
and (iii) excessive degradation of heme by heme oxyge-
nase 1 (HO-1)*? (Figure 1). Lipid peroxidation can occur
through both non-enzymatic and enzymatic pathways.

Non-enzymatic lipid peroxidation
Non-enzymatic lipid peroxidation consists of free

radical driven reactions. Initiation requires a Fenton
reaction to take place: the abundant ferrous iron moie-
ties react with hydrogen peroxide derived from oxidore-
ductase activity, such as that of cytochromes P450 oxi-
doreductase (POR) and P450 reductase (CPR) localized
on the smooth endoplasmic reticulum, producing ROS.
23 The hydroxyl radicals then extract hydrogen from
the bis-allylic position of poly-unsaturated fatty acids
(PUFAS) to form lipid radicals, which further react with
molecular oxygen (O,) to produce lipid peroxy-radicals.
More hydrogen moieties are removed from PUFAs to
form lipid hydroperoxides and new lipid peroxy-radicals,
the latter providing a way of amplification of the oxida-
tion reaction®*?* (Figure 2).

Enzymatic peroxidation
Enzymatic lipid peroxidation, as the name implies,

consists of a series of enzymatically driven reactions. In
the endoplasmic-reticulum-associated subcellular com-
partments, selective oxidation of phosphatidylethanola-
mines (PEs) followed by lipids oxygenation takes place.?®
Firstly acyl-CoA synthetases, such as ACSL4 (especially
acting on arachidonic acid), activate free fatty acids
(FFAs) by adding to them a coenzyme A moiety. Then,
lysophospholipid acyltransferases, such as LPCAT?3, cat-
alyze the transfer of the fatty acyl chain from fatty acyl-
CoA and incorporate into PEs to form various classes
of phospholipids. Finally, lipoxygenases familiy (LOXs)
generate doubly and triply oxygenated (15-hydroperoxy)-
diacylated PE compounds®®*” (Figure 3).
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Figure 1. The regulatory mechanisms of ferroptosis. The extracel-
lular domain of transferrin receptors (TFR1) binds Trasferrin-Fe3+
on the cell surface, triggering the receptor-mediated endocytosis.
In the endosome, STEAP3 reduced the Fe3+ into Fe2+, which is
transported in the cytosol by the DMT]I. Elevated levels of ferrous
ions (Fe2+) were found in the cytoplasm due to: (i) reduction of
the ferroportin activity, (ii) increase accumulation of Fe2+ as cel-
lular Labile Iron Poll (LIP) in the cytosol, and (iii) increase of iron-
mediated mitochondrial homeostasis. At last, reduced expression of
ferritin due to ferritinophagy could increase Fe2+ in the cytoplasm.
Imbalance between iron uptake, storage and export may increase
the susceptibility of cells to ferroptosis.

2. THE ANATOMY OF THE GUT-LIVER-BRAIN AXIS

2.1. The gut-liver axis

The gut-liver axis (GLA) concept was first intro-
duced by Marshall in 1998 and refers to the connec-
tion between the gastrointestinal (GI) tract and the
liver. This axis is characterized by a complex network
of bidirectional anatomical and functional interac-
tions between the GI tract and the liver. Over the
years, the GLA has gained increasing attention due
to its implications in various pathologies. Key com-
ponents of this axis include portal circulation, gut
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a Fenton reaction, but the precise role of iron in the process of lipid
peroxidation is still being debated whether this peroxidation occurs
in an enzymatic or non-enzymatic way.
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Figure 3. Enzymatic lipid peroxidation requires numerous enzy-
matically reactions. Although the effectors leading to ferroptosis in
physiological conditions are not well known, but lipid peroxida-
tion and GPX4 enzymology are critical for this process. When the
homeostatic control of the steady state between LOOH formation
and reduction is lost, lipid peroxidation is activated and ferroptosis
is executed.

microbiota, intestinal tight junctions, bile acids, and
mucosal hormones.?8-30

Portal circulation

Most of the venous blood from the GI tract, primar-
ily from the small and large intestines, drains into the
portal vein. This vein transports nutrient-rich blood,
along with signalling molecules produced by the gut
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microbiota, neuroendocrine and immune cells of the
gut, directly to the liver. Moreover, the portal circulation
carries to the liver the products of hemocatheresis occur-
ring in the spleen, including globins, heme and iron pro-
duced by the catabolism of haemoglobin.

Gut microbiota

The gut hosts diverse microbial communities that
play essential roles in maintaining intestinal integrity
and producing signalling molecules. A balanced micro-
biota is critical to produce various metabolites, par-
ticularly short-chain fatty acids (SCFAs), such as ace-
tate, propionate, and butyrate.’! Acetate, absorbed in
the proximal colon, is rapidly transported to the liver,
where it contributes to cholesterol biosynthesis.*?> Propi-
onate, a substrate for lipogenesis, gluconeogenesis and
protein synthesis in the liver,®> was observed to inhibit
hepatic cholesterol synthesis.** Butyrate was demon-
strated to be central for the health of colon enterocytes
by providing energy to colonic epithelial cells.*> How-
ever, recent studies suggest that excessive accumulation
of butyrate induces cholestasis, hepatocyte death, and
neutrophil-driven inflammation in the liver, potentially
leading to icteric hepatocellular carcinoma.*® Addition-
ally, SCFAs, especially butyrate, stimulate the release of
fasting-induced adipocyte factor (FIAF) from L cells in
the gut;* FIAF subsequently inhibits lipoprotein lipase
(LPL) activity, preventing triglyceride accumulation in
both adipose tissue and liver. 7,3® Therefore, the micro-
biota plays a central role in the GLA and dysbiosis can
lead to an imbalance of signalling molecules, contribut-
ing to liver damage. Not surprisingly, an imbalanced gut
microbiota can result in increased intestinal ethanol pro-
duction, contributing to the development of non-alcohol-
ic steatohepatitis (NASH) and non-alcoholic fatty liver
disease (NAFLD), today included in metabolic dysfunc-
tion-associated steatotic liver disease (MASLD).340

Tight Junctions (TTs)

Tight junctions (TJs) are components of the gut
mucosal barrier, a multifaceted system of physical,
chemical, microbial, and immunological defences that
limit the spread of intestinal antigens.*! TJs are com-
posed of proteins such as claudins, TJ-associated mar-
vel proteins (TAMPs), junctional adhesion molecules
(JAMs), and zona occludens-1 (ZO-1).4>-** In the con-
text of the GLA, the loss of barrier integrity, for exam-
ple due to inflammation, can increase portal leakage of
lipopolysaccharide (LPS), with the activation of a well-
characterized pathogen-associated molecular pattern
(PAMPs). LPS activates Kupfler cells, the liver’s resident
macrophages, are highly sensitive to LPS, that activate
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it.*> LPS-activated Kupffer cells promote liver inflam-
mation and fibrosis by driving the transcription of pro-
inflammatory cytokines and the activation of the stellate
cells into the Disse’s space.**¢ Under healthy conditions,
the portal vein carries small amounts of pathogens and
bacteria, which are effectively managed by the liver’s
immune system. However, pathological states can result
in an excessive influx of microorganisms into the portal
vein, contributing to liver disease.*’8

In neurodegenerative conditions, a-syn aggregates
can travel via portal circulation from the gut to the liver.
Moreover, aggregated o-syn can be either a consequence
as a driver of bowel inflammation with alteration of the
intestinal barrier and increased passage of LPS to the
liver.#>0

Bile

Bile is a digestive fluid secreted by the hepatocytes
and stored in the gallbladder to reach the duodenum.
Within the context of the GLA, bile acids play a crucial
signalling role. The gut microbiota converts primary
bile acids, such as cholic acid (CA) and chenodeoxy-
cholic acid (CDCA), into secondary bile acids, including
lithocholic acid (LCA) and deoxycholic acid (DCA).*!
Both primary and secondary bile acids are absorbed by
enterocytes and enter the portal circulation. Bile acids
act as signalling molecules by interacting with nuclear
farnesoid X receptors (FXR) in both intestine and liver,
regulating cholesterol, lipid, and energy metabolism.>
Reabsorbed bile acids can also activate Takeda G pro-
tein-coupled receptor 5 (TGR5 a membrane receptor
for bile acid), causing multiple effects in hepatic stellate
cells, Kupfter cells, cholangiocytes, and enterocytes.”*
Activation and transdifferentiation of hepatic stellate
cells into myofibroblasts can promote liver fibrosis.>
Another important receptor, Shingosine-1-phosphate
receptor 2 (SIPR2), is present in the liver and bile ducts
and is activated by conjugated bile acids such as taurine
or glycine-conjugated bile acids® Inhibition of SIPR2
has shown promising results as a potential treatment
for cholestatic liver diseases. Knockout mice for SIPR2
showed reduced inflammation and hepatic fibrosis in liv-
er.>® Dysregulation of the gut-liver circulation is evident
in cirrhotic patients, where depletion of bacterial popula-
tions responsible for bile acid dehydroxylation has been
observed.”” Additionally, gut microbiota can convert
choline, a bile component, into trimethylamine N-oxide
(TMAO), a toxic metabolite associated with dysbiosis
and hepatic steatosis.”*® Lastly, bile contains IgA, bicar-
bonate, and antibacterial molecules, which have bacteri-
ostatic properties and contribute to the regulation of gut
microbiota composition.*’
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Mucosal hormones

The gut mucosa contains cells capable of releas-
ing hormones, such as substance P, vasoactive intestinal
peptide (VIP) and serotonin as well as fibroblast growth
factor 15 (FGF15), which regulates bile-acids synthesis,
hepatic glucose, and lipid metabolism.” FGF15 (which
is equivalent in humans to FGF19)® also plays a cru-
cial role in regulating postprandial glucose and ener-
gy metabolism by modulating gluconeogenesis.®! The
glucagon-like peptide 1 (GLP-1) is an incretin hormone
secreted by L cells of ileum and colon. GLP-1 is involved
in the regulation of glucose metabolism in the liver,
stomach emptying and feeding.®? Secretin, another cru-
cial hormone, secreted by S cells in the duodenum, has
been shown: (i) to regulate biliary secretion and prolif-
eration®and, (ii) to modulate the brown adipose tissue
(BAT)-brain metabolic crosstalk.®* Moreover, one of the
endocrine mechanisms responsible for weight regain
includes the brain-gut axis, which supports food intake
via the production of several gastrointestinal hormones,
such as ghrelin, leptin and cholecystokinin (CKK).%

2.2. The gut-brain axis

The concept of the gut-brain axis (GBA) was first
proposed by Michael D. Gershon in the late 20th cen-
tury. The idea suggested a bidirectional interaction
between the GI tract and brain. The importance of
this axis is now emerging. Changes in GI biochemi-
cal and physiological pathways have been observed in a
growing range of CNS disorders, such as PD, in which
GI dysfunction often precedes of decades the onset of
neurological symptoms.*®® Generally, the gut-brain axis
is mediated by the enteric nervous system (ENS), auto-
nomic nervous system (ANS), hypothalamus-pituitary-
adrenal (HPA) axis, the enteroendocrine systems, and
the immune system.>

ENS anatomy
The GI tract is innervated by number of neurons

(estimated at 200-600 million) that exceeds the total
number of neurons in the spinal cord. This neuronal
system, specific of the gut, is classified as the ENS, also
known as the meta sympathetic nervous system. Stud-
ies suggested that these neurons are evolutionarily older
than those of the central nervous system, and the ENS
is capable of functioning independently through various
reflexes without input from the CNS and the ANS. Con-
sequently, the ENS is often referred to as the body’s “sec-
ond brain”.5-% Anatomically, the ENS can be considered
a complex network of neuronal connections and ganglia
embedded in the layers of the gut wall. These groups of

neurons can be subdivided into two plexuses: the Auer-
bach’s (myenteric) plexus, located between the circular
and longitudinal layers of the muscularis externa, and the
Meissner’s (submucosal) plexus, situated within the sub-
mucosa.”® The ENS comprises a complex network of neu-
rons, some of which have been classified, such as: intrin-
sic primary afferent neurons, excitatory and inhibitory
motor neurons, ascending and descending interneurons,
secretomotor/vasodilator neurons, and intestinofugal
neurons. 772

ENS - ANS cross talk

Although the ENS can function independently, it is
still strongly influenced by the ANS (both sympathetic
and parasympathetic). The sympathetic system reaches
mostly the myenteric plexus, whereas the post ganglionic
neurons of the parasympathetic nervous system (mostly
constituted by hepatic and celiac branches of the vagus
nerve) are found both within the myenteric and submu-
cosal plexuses (Figure 4). The importance of the ANS
and ENS in the context of the gut can be understood by
considering the numerous functions in which they are
involved: gut motility, gut permeability, epithelial fluid
homeostasis, luminal osmolarity, bile secretion, carbohy-
drate concentration, mechanical distortion of the muco-
sa, bicarbonate production, mucus production and secre-
tion, as well as mucosal immune responses and handling
of intestinal fluids.”>”*

The neuroactive components of the GBA
A diverse array of neuroactive substances exists

within the GBA, encompassing gut-derived hormones,
neuroactive molecules, metabolites produced by gut
microbiota, and various microbial products.”> Notable
examples include bacteria-derived metabolites such as
short-chain-fatty-acids (SCFAs), gamma-aminobutyric
acid (GABA), serotonin (5-HT), glutamate, acetylcho-
line, dopamine, norepinephrine, and gut neuropeptides,
including peptide YY (PYY), GLP-1, CCK, and ghrelin.>
A central role in detecting these substances is played by
vagal terminal afferent fibres, which have been described
in three locations: in the terminals ending of the intesti-
nal muscular layers, in the GI mucosa, and in a subset of
enteroendocrine cells (now referred as neuropods) that
form synapses with vagal neurons.”® Due to their wide
range of receptor expression, vagal afferents are consid-
ered polymodal, meaning that they can detect multiple
types of stimuli, including mechanical, chemical, and
hormonal signals.”” Signals from these afferent nerves
ascend towards the nucleus tractus solitarius (NTS) in
the CNS” where they are relayed to other brainstem
nuclei and forebrain structures.”” Nervous communica-
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tion is bilateral, thus substances targeting the CNS are
also released by the ENS and ANS, including GABA,
glutamate, acetylcholine, dopamine, norepinephrine, and
other bioactive amines.%

The microbiota in the gut brain axis
As previously mentioned, the role of gut micro-

biota is becoming increasingly central in biomedi-
cal research, evolving the concept of the GBA into the
microbiota-gut-brain axis.3%2 In addition to inter-
acting with neuronal terminals in the gut, micro-
bial metabolites can enter the circulation and directly
affect the CNS. Therefore, the composition of the gut
microbiota and its related products, are crucial for the
interactions between gut and brain, as well as for the
determination of different neurological and psychiatric
disorders. Several examples emphasize the molecular
pathways involved in this interaction: SCFAs can cross
the blood-brain-barrier (BBB) and reduce LPS-induced
neurological inflammation in primary microglia and
the hippocampus, as well as decrease circulating pro-
inflammatory cytokines.®*=8 When imbalances in gut
microbiota occur, like in patients affected by irritable
bowel syndrome (IBS), the production of secondary
bile acids decreases, leading to increased inflamma-

tion in the brain.>® Lastly, it has been observed that
trimethylamine N-oxide (TMAO, a metabolite of the
gut microbiota) accelerates brain aging and causes age-
associated cognitive impairments. 8¢

The HPA system in the gut brain axis
The HPA axis is one of the body’s primary systems

for regulating the release of cortisol and other stress hor-
mones. This response is also mediated by several com-
ponents, including gut microbiota, the vagus nerve, and
the immune system. Studies on germ-free (GF) mice
have demonstrated that these mice exhibit an exagger-
ated HPA response when exposed to stress, releasing
more adrenocorticotropic hormone (ACTH) and corti-
s0l.8788 In humans, patients with IBS show higher lev-
els of ACTH and cortisol in response to stress, along
with altered microbiota composition.?-"! The HPA axis
interacts with other gut-brain communication routes,
including the vagus nerve. Studies in rodents indicate
that stimulating the vagus nerve increases corticotro-
pin-releasing factor (CRF) production in the brain and
raises ACTH and corticosterone levels.”> The HPA axis
also connects to the immune system, where stress and
inflammation can influence gut-brain signalling. Stress
increases gut permeability, allowing bacteria to cross
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into the body, triggering an immune response that acti-
vates in turn the HPA axis.”

Enteroendocrine system
Enteroendocrine cells (EECs), though comprising

only 1% of all gut epithelial cells, are vital for maintain-
ing gut balance due to the various functions of the mole-
cules they release.”* There are multiple types of EECs, all
of which act as sensors that help in regulating the pro-
cesses such as insulin secretion and food intake based
on gut contents.”* Two well-studied types of EECs in the
context of the gut-brain axis are enteroendocrine L cells
and enterochromaffin cells.

L cells release hormones like GLP-1 and PYY, which
reduce hunger and regulate food intake.”® These hor-
mones act on receptors in both gut and brain, either
directly or indirectly through the vagus nerve, to sig-
nal feelings of satiety also involving the circuits of the
parabrachial nucleus.”®%” L cells also communicate with
the ENS through neuropods, allowing for fast and pre-
cise signalling between the gut and brain.””-*° The acti-
vation of L cells in different parts of the gut depends
on what is contained in the lumen: in the upper gut,
they are triggered by nutrients like carbohydrates and
fats, while in the lower gut they are driven by bacterial
metabolites like SCFAs, which can stimulate GLP-1 and
PYY secretion.!00-102

Enterochromaffin cells produce most of the sero-
tonin (5-HT) out of the CNS, which is important for
intestinal motility, pain perception, and inflammatory
response.!® Although serotonin from the gut doesn’t
directly affect the brain due to the BBB, it may influence
gut-brain communication through vagal signals!®® and
inflammation 104-106

2.3. The liver-brain axis

Increasing attention is being given to the liver’s con-
nection with the brain, which occurs primarily through
two main routes: neuronal connections and vascular
pathways.!” Understanding these complex neural cir-
cuits is essential to appreciate the liver’s involvement in
conditions that affect both the liver and brain, including
neurodegenerative disorders.!08:109

Liver brain nervous anatomical connection

The liver, a vital organ for metabolism, detoxi-
fication, and nutrient storage, is regulated by the
ANS, comprising the sympathetic and parasympa-
thetic branches. Autonomic nerve fibers enter the liver
through the hilum, forming plexuses around the liver’s
primary blood vessels — an anterior plexus encircling

the hepatic artery and a posterior plexus surrounding
the portal vein.!%8

Sympathetic fibers to the liver originate from
preganglionic neurons in the thoracic spinal cord (T7-
T12), traveling through the splanchnic nerves and syn-
apsing in the celiac and superior mesenteric ganglia.
From there, postganglionic sympathetic fibers innervate
various structures, including the hepatic artery, portal
vein, and bile ducts.1®!!! Parasympathetic innervation
occurs via the hepatic branches of the left vagus nerve,
which also innervates the bile ducts, portal vein, duode-
num, and portions of the pancreas.!!?-114

In animal species, parasympathetic innervation is gen-
erally limited to the portal triad, while sympathetic inner-
vation varies. In humans they reach the hepatocytes.!!®

The sympathetic nervous system predominantly
regulates catabolic processes, while the parasympathetic
system supports anabolic functions."'® For example, vagal
nerve pathways modulate hepatic lipid metabolism, influ-
encing very low-density lipoprotein (VLDL) triglyceride
secretion and reducing lipid accumulation in the liver.!!”

Additionally, to adrenaline, noradrenaline and Ach,
hepatic neurons synthesize and release various neuro-
transmitters and neuropeptides, including neuropeptide
Y, substance P, VIP, glucagon-like peptide, somatostatin,
neurotensin, and serotonin, all of which further influ-
ence liver and systemic homeostasis.! 1811

Hepatic afferent nerves, particularly from the vagus
nerve, sense the liver’s microenvironment and relay sig-
nals to the NTS, where feedback is sent to the liver via
parasympathetic and sympathetic nerves.!?*!2! These sig-
nals are also transmitted to higher brain regions, such as
the hypothalamus and limbic system, influencing meta-
bolic regulation and organ function.!??

Liver brain vascular communication

In addition to neural circuits, liver and brain com-
municate through several vascular mechanisms, includ-
ing BBB permeability, immune modulation, epigenetic
alterations and amyloid p metabolism.

BBB permeability: Pro-inflammatory cytokines,
including TNF-a and IL-1f, increase BBB permeabil-
ity, allowing substances like ammonia, xenobiotics, and
inflammatory cytokines to penetrate the brain, exac-
erbating neuroinflammation.!*® Excessive activation of
microglia due to these cytokines attracts monocytes to
the brain parenchyma, creating chronic inflammation in
conditions as liver failure.!*#!2> This is evident in chron-
ic liver diseases, where neuroinflammatory processes
contribute to neurological pathologies, such as hepatic
encephalopathy, which occurs in approximately 30-45%
of patients with cirrhosis.?® Cholestatic mouse models,
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such as BDL, show debilitating CNS symptoms defined
as sickness behaviors. This behavior appears to be relat-
ed to elevated levels of circulating and liver-synthesized
IL-6. Regulatory T cells (T-regs) appear to be responsible
for modulating IL-6 synthesis and inhibiting the activity
of circulating monocytes.'?’

Epigenetic alterations: An example of how a
metabolite produced by the liver can act centrally is
p-hydroxybutyrate, a ketone body capable of cross-
ing the BBB via specific monocarboxylate transporters
and able to inhibit histone deacetylases (HDACs) the
most important epigenetic control enzymes.'?® Elevated
B-hydroxybutyrate levels in the brain increase brain-
derived neurotrophic factor (BDNF), which plays a ther-
apeutic role in neurodegenerative diseases and mental
health disorders like depression.!?*130

Amyloid B: The liver is central to the peripheral
metabolism of AP, and dysregulation of AP clearance is a
critical factor in the pathogenesis of AD. The connection
between the liver and brain is thus closely linked to the
progression of AD.131:132

a-Synuclein: Accumulation of a-synuclein in the
liver may start liver inflammation and fibrosis'** or rep-
resents a mechanism of clearance, which prevent a mas-
sive transmission of a-synuclein aggregates from the gut
to the brain.!*#!3* For this reason, liver could be directly
involved in progression of PD either by cytokines release
as by regulation of the transmission and clearance of
a-synuclein aggregates.

24. The gut - liver - brain axis (GLBA)

The GLBA represents a network of bidirectional
communication among the GI tract, the liver, and the
brain, highlighting the interdependence of these organs
in maintaining homeostasis and in contributing also to
cognitive process. Understanding the GLBA is primary
to elucidate the pathophysiology and the mechanisms of
certain diseases, and to develop innovative therapeutic
strategies that target this multifaceted network.

Studies suggested that different pathological condi-
tions inducing dysbiosis could have acute or chronic sys-
temic consequences, such as a weakened of the immune
system, inflammation or central disorders, as well as
neuropsychiatric disorders, including anxiety, depres-
sion or neurodegenerative conditions.!**!3” Furthermore,
events, such as maternal stress to lack of breastfeeding,
mode of delivery (vaginal VS cesarean) and antibiotic
exposure, are major players in the development of acute
infections and long-term dysbiosis that are associated to
chronic pathological conditions, including asthma, dia-
betes, neurodevelopmental disorders and IBS.!38:13
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In addition, dysbiosis can also impact the func-
tion of the HPA, a fundamental part of the limbic sys-
tem, involved in both emotional behavior and memory
consolidation!®41, At last, the role of dysbiosis in both
a cause and consequence of the “leaky gut”, a condition
associated to many autoimmune disorders where intes-
tinal permeability is increased and pathogens as well as
toxins can enter more freely into the human body, is well
documented.!*?

3. PRINCIPAL BIOCHEMICAL MODULATORS
ALONG THE GUT-BRAIN AXIS

3.1. Serotonin

Serotonin, also known as 5-hydroxytryptamine
(5-HT), is a monoamine neurotransmitter.'*> Histori-
cally, its roles have been mostly associated with the reg-
ulation of basic functions of the CNS, including sleep,
mood and body temperature. Its deficits are present in
numerous mental disorders.!** Despite this common
knowledge, it has been demonstrated that less than
5% of the total body’s serotonin is in the CNS,*> while
most of it is hosted by the intestine.!¢ 5-HT is produced
mostly by enterochromaffin cells in the intestinal lining,
which regulates many functions of the GI tract, includ-
ing motility and permeability, as well as local secretions
and ENS development 147,

Alterations of serotonin levels have been found in sev-
eral diseases, including IBS,!® hepatic conditions'*® and
psychiatric disorders,'*® underlying the importance of the
GBA and how serotonin pathways affect it. Recent stud-
ies have shown that commensal bacteria participate in
the production and modulation of intestinal serotonin.!>!
Consequently, prebiotics and probiotics can alter both syn-
thesis and release of serotonin, actively impacting both GI
and nervous system.!*> Moreover, although enteric 5-HT
can both act locally and enter the bloodstream, divergent
data on the capacity of 5-HT to cross the BBB are avail-
able.15315¢ Despite this, 5-HT has been shown to alter the
permeability of the BBB.*® Study demonstrated that the
endothelium of the choroid plexus, which in healthy con-
ditions is permeable to large (70 kDa) circulating mol-
ecules, upon intestinal inflammation acts as a vascular
barrier (PVB), by closing its accessibility to inflammatory
and bacterial molecules.!>® Recent study hypothesizes the
capacity of neurotransmitters produced in the gut to cross
the choroid plexus.””” Therefore, it can be said that altera-
tions in serotonin pathways can be both the cause and the
consequence of GI or CNS diseases, as GI tract and brain
are deeply linked, regulate each other, and are in charge
for the control of emotional and stress responses.
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As previously mentioned, numerous therapeutic
options for several diseases affect serotonin metabo-
lism, from its secretion to its release or reuptake. Due
to the high prevalence of serotonin in the GI tract, such
therapies can significantly impact GI functions as the
use of serotonin reuptake inhinitors.!>® People affected
by IBS exhibit altered levels of post-prandial plasma
serotonin, both in children ' and adults,'®® and it has
been hypothesized that such individuals may have a
genetic predisposition for decreased serotonin reuptake
transporter (SERT) expression.!®® Potential therapeu-
tic options are being studied via serotonin-related sign-
aling pathways and the gut-liver axis, in the regulation
of obesity,'®® MASLD, and hepatic steatosis. 192 Studies
involving serotonin agonists have been shown to benefit
patients affected by IBS suffering from constipation, by
increasing intestinal mobility and secretion.'®® Moreo-
ver, tricyclic antidepressants that were used in numer-
ous psychiatric conditions play a role in both mood and
GI symptoms in patients affected by depression as well
as IBD'®%. Furthermore, alterations in serotonin signal-
ing can exacerbate gastrointestinal symptoms in stressed
individuals, emphasizing the connection between psy-
chological mechanisms and GI function.!®* The seroto-
nin produced by guts significantly influences the brain
through immune function, vagal nerve stimulation,
neuroendocrine feedback, and the HPA axis, but the
relationship between serotonin levels in the brain and
depression remains unclear.!6®

3.2. GLP-1 and GIP

GLP-1 and glucose dependent insulinotropic poly-
peptide (GIP) are incretin hormones secreted by their
EECs.'®¢ These cells constitute a small portion of the
total intestinal cell population (about 1%). Despite this,
they represent the largest endocrine organ of the human
body, and they are distributed along the entire GI tract
(Figure 5). These are divided into three different sub-
groups, each specialized in the production of a different
gut hormone: (i) L cells, which secrete (secreting GLP-1),
(ii) I cell (secreting cholecystokinin [CCK]), and (iii) K
cells, which secrete (secreting GIP).

Incretin GLP-1 is present at low levels in a fasting
state, and it increases within the first few minutes after
food ingestion, reaching a peak of about 15 pmol/l at
around 60-90 minutes after a meal.!®® The GLP-1 incre-
tin is characterized by a very short half-life, correspond-
ing to about 1 to 2 minutes. Therefore, only about 12%
of gut-derived GLP-1 enters the systemic circulation.!®”
This could relate to the possibility that GLP-1 could acti-
vate vagal terminals innervating, the gut and the hepa-

Intestine

Liver

Figure 5. GLP-1 expression (Abcam AB22625) along the gut - liv-
er - brain axis. GLP-1 is released from enteroendocrine cells of the
lower intestine and exerts anorectic and antimotility actions.'” In
fact, GLP-1 expression at the level of colon is high in the intestinal
epithelium (orange arrows) and in the myenteric and submucosal
plexes (red arrows) [A]. In the hepatic parenchima exists a differ-
ent gradient of expression inside the acinus, with an increase from
the zone 1 towards zone 3, where it has an insulin-like activity, on
glucagon-induced glycogenolysis!'®® [B]. In the brain, dense immu-
noreactivity fills the cell bodies of the efferent neurons, such as the
Purkinje cells in the cerebellum (green arrows) [C]. OM 10x

to-portal region, mediating also a signal from the brain
to the pancreatic p-cells through vasovagal reflexes that
induce insulin secretion.'*® In fact, the common hepatic,
celiac and gastric branches have been shown to contrib-
ute to the glucoregulatory effects of gut GLP-1.1¢°

GIP is involved in the regulation of glucose in the
circulation by actin on islet of Langerhans to release
insulin and glucagone.!'” However, different stud-
ies demostrated contradictory data on the role of GIP
in human energy homeostasis.!””! GIP receptors are
expressed on the adipocytes to promote lipid storage,
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on neurons in the arcuate nucleus (ARC), dorsomedial
nucleus, and paraventricular nucleus of the hypothala-
mus to control food intake.'”? An array of studies has
shown the possible correlation between central GIP
signaling, body weight gain and adiposity, through a
possible induction of neural leptin resistance. GIP has
also been shown to have a direct relation to obesity.'”?

3.3. CCK and lipids

CCK is released by I cells, which are a subgroup
of the enteroendocrine cell family. It is secreted in the
proximal small intestine because of protein and lipid
ingestion. CCK is released following lipid ingestion
through a G-protein-coupled receptor 40 (GPR40) medi-
ated mechanism, while it is released because of protein
ingestion through calcium-sensing receptor (CaSR).

After being released by ECCs, CCK enters the blood-
stream and reaches a peak in concentration of between
6 and 15 pmol/L, about 90 to 120 minutes after eat-
ing, timing being influenced by fat and protein content
of the chymus."* CCK is released as a pro-hormone, or
pro-CCK, which is then cleaved and activated by pro-
hormone that converts pro-CCK into various forms giv-
ing rise to different types of CCK.!”> For instance, CCK8
is the most abundantly utilized form, followed by other
types such as CCK58, CCK33 and CCK58, each acting
at a different site along the gastrointestinal tract.'”® Dif-
ferent studies have demonstrated the ability of CCK to
activate vagal afferent pathways, showing for instance
that CCK receptor 1 activation increased cAMP/PKA
pathway, which is crucial for CCK activation of central
afferent terminals. Furthermore, the activation of CCK
receptorl/cAMP/PKA signaling in the small intestine
eventually results into vagal afferent firing.'””

Gut microbiota can affect lipid metabolism acting
on bile acids, cholesterol and lipoprotein production.
Some bacteria can produce enzymes to deconjugate bile
acids, modifying their enterohepatic circulation and
altering cholesterol levels.!”® Lipids can increase CCK
release and CCK receptor antagonists are used as thera-
peutic targets to reduce the satiety senses after the intes-
tinal passage of lipid in both humans and experimental
models.'”?180 In detail, lipids promote the secretion of
CCK and activate VANs to decrease food intake maybe
be due to chylomicron formation and activation of a sen-
sory mechanism on the basolateral region of EECs.!8182
In addition, Pluronic L-81, that can block chylomicron
formation, significantly reduces the anorexigenic effects
of lipid administration decreasing CCK release, celiac
and cervical vagal afferent activation, which are typical
effects after lipid infusion.!8%184
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In summary, EECs in the GI tract can secrete differ-
ent gut peptides affecting energy and glucose homeosta-
sis. Overall, there is strong evidence that suggests how
CCK can impact on energy and glucose homeostasis
through the activation of a gut-brain vagal pathway, and
more studies are required to analyze the mechanism of
the process.!

4. INVOLVEMENT OF FERROPTOSIS
IN THE GUT-LIVER-BRAIN AXIS

Iron dysregulation and ferroptosis have been shown
to be active players in the progression of different neu-
rodegenerative disorders, including Amyotrophic Lateral
Sclerosis (ALS), multiple sclerosis (MS) and PD.186-188-189
In neurodegeneration, multiple features of ferroptosis
are reported, such as accumulation of lipid peroxida-
tion products, depletion of glutathione, excess of extra-
cellular glutamate and increased lipoxygenase (LOX)
activity.!?®1%! Microglia are sensitive to iron overload-
induced ferroptosis and clinical investigations suggest
how ferroptosis inhibitors may represent a therapeutic
approach in these types of diseases. In fact, in a human
induced pluripotent stem cell-derived tri-culture system
containing neurons, astrocytes and microglia, the lat-
ter showed the highest transcriptional response to iron
accumulation identifying a subgroup of microglia with
a distinct ferroptosis-associated transcriptomic signature
(FAS). The removal of microglia in the culture system
decreased neuronal lipid peroxidation and reduced the
death of neurons.'®> Microglia may induce ferroptosis
in neurons through the production of pro-inflammatory
cytokines, such as IL-1f, IL-6 and IL-8.1° Microglial
uptake of iron may be protective at the beginning of the
disease, while a neurotoxic state is later established and
leads to the cellular damage. In addition, several data
strongly support the concept that the dying microglia
may release factors that escalate neuronal death. Moreo-
ver, it has been demonstrated that increased endogenous
levels of a-syn oligomers are correlated with high cyto-
solic calcium influx by changes in plasmalemmal mem-
brane potential or activation of glutamate receptor.'** In
the absence of lipid peroxidation, the a-syn-induced cal-
cium dysregulation is also abolished, and physiological
calcium signalling is restored.!*®

On these bases, ferroptosis can induce and pro-
mote diseases by affecting the GLA and the interaction
among these organs, microbiota and environmental fac-
tors. For example, the imbalance of intestinal microbi-
ota can enhance microbial metabolites, such as SCFAs,
and gut permeability, thereby inducing inflammatory
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response and NAFLD.!”¢ The involvement of ferroptosis
in NAFLD is mainly linked to the increase of lipid per-
oxidation. Moreover, the most important signaling path-
ways may incorporate Nrf2- GPX4 and AKT-GSK3-
Nrf2 pathways.!”” These imbalances of gut microbiota
can be modulated by Pleurotus geesteranus polysaccha-
rides through the reduction of oxidative stress acting on
Nrf2/HO-1 and TLR4/NF-kB signaling pathways with
the result to protect the intestinal barrier.!”® Further-
more, ferroptosis can mediate liver-brain axis affecting
the hepatic metabolism level of amino acids and causing
neuroinflammation through AKT/Nrf2/GPX4 and Nrf2-
ARE pathways leading to ROS production.!”” Nrf2 can
block the process of ferroptosis by its nuclear transloca-
tion and production of proteins related to iron metabo-
lism, such as ferritin, ferroportin and SLC7A11.2%

In summary, ferroptosis may modulate the gut-brain
axis influencing the progression of the neurodegen-
erative disorders, acting on two main targets: Nrf2 and
HO-1.200202 Nrf2 play a crucial role in the preservation
of epithelial tight junction and gut barrier,2°>2%* whereas,
HO-1 represents an important factor regulating the anti-
oxidant and neuro-protective responses.?’® The deposi-
tion of iron, GPX4 inactivation and lipid peroxidation
accumulation cause damage of cell membrane, cellular
junctions and subcellular organelles that contribute to:
(i) the pathogenesis of IBD, (ii) initiate and continue
liver injury, and (iii) to induce neurodegenerative disease
onset mainly reaching the brainstem through the hepat-
ic afferent vagus nerve.2°2%7 For all these reasons, iron
chelators represent an important approach for the pro-
cess of ferroptosis, but many of them may have difficul-
ties in the progression along the GLBA and may disrupt
homeostatic redox functions.?’® However, some preclini-
cal studies have used lipid peroxidation inhibitors target-
ing lipid peroxidation and oxidative stress, such as vita-
min E derivative vatiquinone acid and activators of the
antioxidant NRF2 pathway.?

4.1. Specific neuronal territories as main targets of ferrop-
tosis and neurodegeneration along the gut-liver-brain axis

Ferroptosis has been demonstrated to be an impor-
tant factor in the development of pathological processes
in the brain. This is arguably secondary to the relatively
higher susceptibility of the CNS to iron-induced lipid
peroxidation, because of an intrinsic increased energy
consumption and lipid content, as well as lower toler-
ance to ROS.>!?

Specifically, hippocampal neurons show increased
levels of mitochondrial ferroptosis following general
anesthesia, partially explaining the mechanism of anes-

thesia-induced ischemia-reperfusion injury.?!! As iso-
flurane is often used in general anesthesia, ferroptosis
inhibitors and mitochondrial activators (such as ferrosta-
tin-1 and dimethyl fumarate, respectively) could be used
to decrease hippocampal susceptibility to ferroptosis.?'?
Moreover, ferroptosis significantly induces memory
decline. Very interestingly, this seems to be slowed down
by hormone-replacement therapy in post-menopausal
women,?"? possibly via anti-neuroinflammation and anti-
oxidative stress mechanisms.?!*

The importance of ferroptosis in neurological dis-
eases is underlined by the potential treatment strategies
that can be utilized in future. For instance, in the hip-
pocampus of animal model experiments mimicking dia-
betes-related cognitive dysfunction, sinomenine showed a
neuroprotective potential against erastin-induced ferrop-
tosis via the GBA?"> and by increasing EGF expression
(known to reduce oxidative stress via the Nrf2/HO-1
signaling pathway).?'® Moreover, another study showed
the potential to slow down diabetes-induced cognitive
impairment by inhibition of ferroptosis via activation of
AMPK.27 The hippocampus is also highly susceptible
to sepsis-associated encephalopathy (SAE), secondarily
to ROS formation and altered ferroptosis-related protein
expressions?'®. Similarly, ferroptosis has been shown to
have a causative effect in traumatic brain injury (TBI)?"
as well as hemorrhagic and ischemic strokes.?*-?%!
Reduction of ferroptosis and improved mitochondrial
dysfunction were achieved by administration of irisin,?!®
a molecule proven to be a potential therapeutic target
for cerebral ischemia,??*> neurodegenerative diseases?
and TBL??* through its anti-oxidative, anti-inflammatory
and anti-ferroptotic activities. Interestingly, also low-
dose acetaminophen prevents hippocampal ferroptosis
in septic mice via the GPX4 and FSP1 pathways.?”® In
the hippocampus, ferroptosis is significantly involved in
AD,??%227 opening new potential diagnostic and thera-
peutic possibilities against the most prevalent neurode-
generative disease in the general population.??®

Moreover, putamen and globus pallidus are par-
ticularly susceptible to iron accumulation in PD?**’ and
in other diseases that involve iron accumulation in the
brain.?*® Progressive loss of spontaneous activity in the
putamen also contributes to impaired task performance
in patients with PD.?*! In a metanalysis of post-mortem
measurements of iron levels in the brain of PD patients,
significantly high levels of iron deposition were observed
in the whole Basal Ganglia system, including the sub-
stantia nigra, the caudate nucleus and the globus pal-
lidus, suggesting a crucial role of ferroptosis in the
pathogenesis of PD.?*? Ferroptosis plays a role also in
the development of Huntington’s disease (HD), an inher-
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ited, neurodegenerative disorder. This neuro-disorder
involves striatum, and it is characterized by the gradual
development of choreic movements. Studies suggested
high levels of iron in HD patients.?**»?** Unsurprising-
ly, ferrostatin-1 showed the potential to prevent iron-
dependent oxidative stress and the capacity to reverse
decrease neuronal cell death in cellular models of HD.?*
Moreover, laduviglusib, a highly selective inhibitor of
Glycogen synthase kinase 3, was demonstrated to target
ferroptosis-related genes in striatal neurons in the set-
ting of HD.?%

Doublecortin deficiency and the presence of fer-
roptosis were observed in a post-mortem analysis of the
caudate nucleus of AD patients.>*” Also, the nigrostriatal
system can be specifically pathologically affected by fer-
roptosis. This can be perhaps exemplified by the effect
of methamphetamine (the second most used recrea-
tional drug, that works through an amphetamine-type
neuronal stimulation),?*® whose use was associated to
increased iron deposits in both the substantia nigra and
caudate nucleus. Very interestingly, the administration of
iron chelators in the setting of methamphetamines use
proved to decrease the pathological nigrostriatal changes
via attenuated iron deposition and ROS formation, as
well as dopaminergic cell death.?*

Several studies have demonstrated that neuroinflam-
mation, or rather the activation of the neuroimmune cells
into proinflammatory states, is implicated in neurode-
generative diseases, such as AD, Synucleinopathies, ALS
and HD not only because of neurodegeneration but also
as a pivotal player in this process.?*? In this context, CNS
inflammatory response is orchestrated by an interaction
of microglial cells, infiltrating myeloid cells, astrocytes,
the BBB cells (endothelial cells, pericytes, astrocytes) and
the action of signaling molecules (cytokines, chemokines,
and growth factors), which produce both central and
peripheral reaction.?*!

Interestingly, the process of neuroinflammation
could be triggered and highlighted by both gut and
liver produced molecules as well as by ferroptosis.2**-244
Therefore, ferroptosis contributes to the connections
of the gut-liver-brain axis, as well as to the interplay
between neuroinflammation and neurodegeneration in
the context of different brain areas.

CONCLUDING REMARKS

Ferroptosis, an iron-dependent form of programmed
cell death, is emerging as a critical factor in neurodegen-
eration, intricately linked with neuroinflammation and
the GLBA. The process of ferroptosis is characterized
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by the accumulation of lethal lipid peroxides, leading to
cell death and dysfunction. In neurodegenerative dis-
eases like AD and PD,?*5-2% this pathway is significantly
activated, contributing to the degeneration of vulnerable
neuronal populations.

Neuroinflammation, characterized by the activa-
tion of the brain’s immune cells and the release of pro-
inflammatory cytokines, exacerbates ferroptotic mecha-
nisms. The inflammatory milieu enhances oxidative
stress, fuelling iron accumulation and lipid peroxida-
tion,?*® thereby contributing to neuronal death. This
implies a vicious cycle where neuroinflammation and
ferroptosis amplify each other.

Furthermore, the GLBA plays a substantial role
in modulating these interactions. The gut microbiota
influences systemic inflammation and oxidative stress
through the production of metabolites and the modu-
lation of immune responses. Dysbiosis can lead to
increased gut permeability, allowing inflammatory
mediators to enter circulation and reach the brain,?4%2%
thereby directly affecting neuroinflammatory states and
potentially triggering ferroptotic pathways.2%%2%!

The liver also contributes to this axis, as it regulates
systemic iron metabolism and inflammatory responses.
Liver dysfunction can lead to altered iron homeostasis and
increased production of inflammatory mediators, both of
which can influence ferroptotic activity in the brain.?*?

This interplay suggests that targeting the GLBA could
potentially offer therapeutic strategies to mitigate ferrop-
tosis and neuroinflammation. By maintaining gut micro-
biota balance and ensuring proper liver function, it may
be possible to modulate systemic inflammation and oxi-
dative stress, thus reducing neuronal vulnerability to fer-
roptosis and slowing the progression of different neurode-
generative disorders. Understanding these complex inter-
actions underscores the need for integrated therapeutic
approaches that address the multifaceted nature of GLBA.
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Abstract. Around 1478-1480, the ‘Madonna of the Carnation, also known as the
‘Madonna with Vase, the ‘Madonna with Child; or the “Virgin with Flower, was pro-
duced. Using the program Paint X, we moved one detail (indicated by a bird-like
shape drawn by Leonardo himself) ob Mary’s left breast and we obtained an image of
an ox heart with its aortic arch. The image of the heart obtained by us is identical to
the ox’s heart described by Leonardo in his anatomical drawing. Comparison reveals a
striking resemblence to the heart configuration and arrangement of the branches of an
aortic arch. Based on the fact that the heart is symbol of love, in this artwork Leonar-
do symbolically depicted a mother’s love for her son and at the same time he described
the anatomy of the heart.

Keywords: Leonardo da Vinci, Madonna of the Carnation, cardiac anatomy, aortic
arch.

INTRODUCTION

The aim of this study is to interpret “The Madonna of the Carna-
tion” (Madonna with a Vase of Flowers) in anatomical aspect. This study
provides insight into how Leonardo translated his innovative anatomical
knowledge into art.

The ‘Madonna of the Carnation” was produced around 1472-1478, (Fig.
1). The thorough study of the painting conducted by Moller eventually
allowed the panel to be confidently attributed to Leonardo (Moller, 1937), an
attribution that remained unchallenged during the last 30 years and was sub-
stantiated afresh by the study conducted by Brown (Brown, 1998). Although
some historians believe that Verrocchio produced the original design for the
‘Madonna of the Carnation’ (Dunkerton, 2011).

The iconography of the Madonna handing a flower to her son is hardly
original. The flower can be the symbol of the virtue of the virgin but also
that of the death of Jesus. The carnation, by its shape associated with that of
a nail and its blood-red color, announces the future of Christ.

The work is stored in the Alte Pinakothek Gallery in Munich, Germany.

Italian Journal of Anatomy and Embryology 129(2): 55-59, 2025
ISSN 1122-6714 (print) | ISSN 2038-5129 (online) | DOI: 10.36253/ijae-16769


http://www.fupress.com/ijae
https://doi.org/10.36253/ijae-16769
https://doi.org/10.36253/ijae-16769
https://doi.org/10.36253/ijae-16769
https://www.fupress.com
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
mailto:gagakeshelava@gmail.com
https://orcid.org/0000-0003-3784-1869

56

Figure 1. The ‘Madonna of the Carnation’ by Leonardo da Vinci.

INTERPRETATION OF THE PAINTING

In the ‘Madonna of the Carnation’, our attention
was drawn to the shadow drawn by Leonardo himself on
Mary’s left breast (Fig. 2A - bounded by a red contour).
This shadow resembles an arrow indicating the direc-
tion of something. But in Leonardo’s era, the arrow was
not yet used as a direction indicator. The second thing
this shadow resembles is a bird depicted in a drawing by
Leonardo (Fig. 2B). The ‘bird’ indicates the detail bor-
dered by author of a painting with a faint contour (Fig. 2
A- blue marked contour).

Using the program Paint X, we moved the detail in
the direction of the blue arrow to final location and we
got an image of the heart (Fig. 3 A, B). It depicts the left
and right subclavian arteries, common carotid arteries,
and ventricles (Fig. 3 C). The image of the heart obtained
by us is strikingly similar to the ox’s heart described by
Leonardo in his anatomical drawing (RL 19073-74v;
K/P 1 66v) (Fig. 3 D). By comparing them we see a sharp
resemblance to the heart configuration and arrangement
of the branches of an aortic arch (Fig. 3 C, D).

It is noteworthy that after placing the detail in the
correct place, the insignificant contour in the painting
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acquired the meaning of the second branch of the aortic
arch (Fig. 3 B, C).

A similar concept is found in the ‘Dreyfus Madon-
na’ attributed to Leonardo da Vinci. Also, by moving
one detail in this artwork an image of an ox’s heart is
obtained. The difference is that in the second painting,
the detail is emphasized by the Madonna’s hand. In this
case too, the obtained image of the heart resembles the
heart depicted in Leonardo’s anatomical sketch (Keshela-
va, 2021). Based on the fact that the heart is symbol of
love, in the both artwork Leonardo originally depicted
the feeling of mother towards her son and at the same
time he described the anatomy of the heart.

Peter Paul Rubens’s copy of “The Battle of Anghiari’
by Leonardo da Vinci is also an example of the transfer
of anatomical knowledge into art (Keshelava, 2023).

It should be noted that there is a discrepancy
between the periods of creation of the painting and
Leonardo’s anatomical studies. It was speculated that
Leonardo created this work in 1472-1478 and an impor-
tant contribution to Leonardo’s approach to anatomy
was provided after 1510, which meant dissection of ani-
mal and human cadavers. The anatomical drawing (RL
19073-74v; K/P 1 66v) similar to image obtained by us
is created in 1513. This discrepancy can be explained in
only one way: the master could have made changes to
the painting later. The fact that Leonardo made changes
in his work is confirmed by researchers (Cotte, 2005).

LEONARDQ’S INNOVATIONS IN THE
CARDIOVASCULAR ANATOMY

Leonardo da Vinci’s study in anatomy can be divid-
ed into three periods: an early (from c. 1487), a middle
(1506-1510) and a late phase (after 1510). The drawings
from early phase was not based on the dissection of bod-
ies and meant simply upon information that could be
deduced from the surface of the human corps, from the
bodies of animals and from the human skeleton. During
this period, animal examination, documents from ancient
Greece and medieval Italy, and the occasional autopsy of a
condemned criminals were the main source of anatomical
knowledge in Europe (Park, 1994; Olry, 1997).

Marco Antonio Della Torre, an anatomist and a
medical doctor, known mainly for his collaboration
with Leonardo da Vinci, made a significant contribution
to Leonardo’s knowledge and approach in the anatomy
(Picardi et al., 2010)

At the time of Leonardo, ideas about the anatomy
and physiology of the heart were based on the views of
the authorities (Cambiagi, 2019). At the same time, the
heart had an almost spiritual role (Heater, 2010).
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Fig. 2. A) Shadow depicted by Leonardo itself on Mary’s left breast (marked in red); Blue arrow indicate the direction and location of the
moving detail (marked in blue). B) Drawing of the birds by Leonardo da Vinci; the shape of the bird outlined in red resembles the shape of
the shadow on Mary’s left breast.

In order to examine the hemodynamic properties
of blood flow through the heart and its valve, the mas-
ter created multiple wax castings of the bull heart. From
these casts he built glass models. Leonardo described
the characteristic of the sinus of Valsalva. He also stud-
ied the dynamics of water flow in rivers, using colors to
show the flow patterns. He stated: “..the water is contin-
uously bouncing against the banks... and as time passes
the course of the river gets more and more tortuous...”
Leonardo da Vinci translated those findings to blood
flow in vessels (Boon, 2010; Webb, 2010) and described
turbulence formation in the aortic sinus (Keele, 1979).

His first achievement was to describe the heart as
a muscle, constantly contracting and expanding. He
also noted that this muscle is much stronger than other
muscles (Keele, 1952). Leonardo believed that the con-
traction of the heart causes a wave to propagate along
the vessels and concluded that this is the reason for the
existence of a pulse in a living organism (Pasipoular-
ides, 2014).

The master also deduced that the blood is supplied
to every part of the body by the aorta. He proposed that
new blood is received by the bronchial arteries from
the bronchi, and that venous blood is freshened in the
lungs before to returning to the heart. He came to the
notion that the heart feeds itself by looking at the coro-
nary arteries (Keele, 1973; Sterpetti, 2019). “The heart
is a vessel made of thick muscle, vivified and nourished
by artery and vein as are other muscles” - he made such
a conclusion on the background of the dissection of the
coronary arteries, which are clearly described in the
anatomical sketches. Leonardo da Vinci used his under-
standing of hydrodynamics and anatomy to highlight
the atherosclerotic alterations in arteries.!® He was also
interesting in the tortuosity and elongation of the vessels
in old people.

He distinguished between the atria and ventricles
based on their function and physical characteristics,
and he thought that the heart was composed of four
chambers (Sterpetti, 2019). Leonardo adopted Galenic
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Fig. 3. A, B) The image of the ox’s heart obtained after moving the details; C) 1- right subclavian artery; 2- right common carotid artery;
3- left common carotid artery; 4- left subclavian artery. D) Leonardo’s anatomical drawing of an ox’ heart (Royal Collection Enterprises

Limited 2025 | Royal Collection Trust).

beliefs, unaware of the circulatory system’s relationship,
which William Harvey would not completely establish
until 1628.

Da Vinci’s most important findings in cardiovascu-
lar anatomy and physiology were as follow (Wells, 2007):
the view of the cardiac cycle and asynchronous contrac-
tion and dilation of the atria and ventricles; he noted
that the heart is a muscle; Leonardo rejected the idea
that the heart receives air from the lungs; He solved the
mechanism of valves function; His drawings describe
the coronary arteries in detail; Leonardo’s study on old
bodies provided showed the atherosclerotic changes in
vessels; da Vinci was the first to describe the trabecula
septomarginalis or moderator band of the right ventri-
cle (this anatomical detail is also known as Reil’s band,
but some scholars proposed the term “Leonardo’s band”
(Shoja, 2013).

Leonardo da Vinci’s own studies in anatomy and
physiology were mainly based on empirical observa-

tion. As mentioned above, he used simple and reasonable
experiments, and based on them, he obtained impor-
tant conclusions. His achievement are a good exam-
ple of how logical thinking can be used to understand
the physiology of life. It is regrettable that although
his art was appreciated by his contemporaries, but he
was not known as scientist. After his death the sketch-
es and drawings remained hidden for a century (Dor-
land, 1922). His vision of the world was logical, using
an empiric and unusual method of study. He wrote,”...
nature is driven by the intelligence of its law”.

During the Renaissance, the artists already saw the
heart as a symbol of romantic love and the love of God
(Figueredo, 2024). The fact that the heart was a symbol
of love in that era logically explains Leonardo’s idea and
the meaning of hidden heart images in his paintings.
The images of the heart in the “Madonna of the Carna-
tion” depict a mother’s love for her child.
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Abstract. Visual impairment jeopardizes body kinematics and environmental interac-
tions progressively leading to postural instability, coordinative deficits, and quality of
life reduction. Although vision plays a key role in motor function, sensorimotor con-
trol mostly relies on proprioceptive inputs provided while dynamically interacting with
gravity, and its efficiency is frequency dependent. Therefore, targeted proprioceptive
training is necessary to counteract the disability-related deficits. The present prelimi-
nary study investigated the effects of an adapted proprioceptive intervention on sen-
sorimotor control of blind adults aiming to improve postural stability, body awareness,
coordination, and daily functionality. Twenty legally blind adults aged 18-60 voluntar-
ily adhered to the study. Before and after taking part in the targeted 8-week proprio-
ceptive training intervention, sensorimotor control was evaluated by Brief BESTest and
a biofeedback-based device (Libra Easytech) able to adapt multimodal high-frequency
stimulation to the specific needs of blind subjects. Psychological well-being and quality
of life were also assessed using the 18-item Psychological Well-being and 12 item-Short
Form questionnaires, respectively. Post-intervention evaluation revealed a statistically
significant improvement in ankle stability/mobility and orthostatic postural control/
reactivity in micro and macro instability conditions. Our findings suggest that a target-
ed metamodal sensorimotor protocol conceived, led, and monitored by a specialized
kinesiologist may effectively improve proprioceptive control in visually impaired indi-
viduals. The present research might also offer innovative methodological hints to apply
in further studies aimed at boosting sensorimotor efficiency and daily functionality in
this still under investigated population.

Keywords: proprioception, postural re-education, blindness, adapted kinesiology,
functionality, biofeedback.

INTRODUCTION

Physical inactivity, increasingly prevalent and identified as the fourth
risk factor for global mortality, negatively impacts psychophysical well-being
and functionality, causing a dangerous decline in the general health of pop-
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ulation in all age groups (Stamatakis et al., 2019). Pos-
ture is an important health indicator, consequently, any
alterations caused by sedentariness, aging or vulnerable
health conditions are often associated with psychophysi-
cal disorders that jeopardize autonomy, self-esteem, soci-
oemotional functioning, and quality of life (Harvey et
al., 2020). Since humankind assumed upright stance, the
postural tonic system is responsible for neuromuscular
modulation to actively counteract atmospheric pressure
and gravity allowing to maintain verticality. In a broad
sense, two macro-components contribute to postural
control, namely the musculoskeletal and the neuromotor
system. The latter includes sensory (proprioceptive, visu-
al, and vestibular systems), cognitive (adaptive and antic-
ipatory) and motor (finalized motor gesture realization)
processes. Concerning the somatosensory aspect, pos-
tural control is based on the coordinated and synergistic
intervention of three stabilizers, namely proprioceptive,
visual, and vestibular systems (Forbes, Chen & Blouin,
2018; Aspell, Lenggenhager & Blanke, 2012). Specifically,
the former makes use of a peripheral network of sensors
distributed in every muscle-tendon-articular district able
to inform at high speed the more archaic structures of
the nervous system. It is simultaneously involved in the
effector response since the fine muscle tone modulation
depends on some of the receptors. Given all these pecu-
liarities, it is referred to as the primary stabilizer because
the most precocious postural responses are activated by
its afferents. The second one can be likened to a point-
ing system that allows body anchoring to fixed envi-
ronment points by integrating and improving the accu-
racy of archeoproprioceptive postural control; precisely
because it prioritizes accuracy over speed, it is termed
the secondary stabilizer. Finally, the last one registers
linear and angular accelerations of the head and, owing
to a higher activation threshold, is the belated stabi-
lizer; a kind of emergency system capable of overriding
the previous two only if head movements exceed a cer-
tain amplitude and speed (Forbes, Chen & Blouin, 2018;
Aspell, Lenggenhager & Blanke, 2012). The abovemen-
tioned hierarchical order is generally respected in physi-
ological conditions while in conflicting situations known
as sensory mismatch, or in case of deficits, each system
is able to compensate for the inefliciency of the others
by becoming the primary stabilizer, despite its inherent
peculiarities and purposes (Block & Liu, 2023). Optimal
functionality can only be ensured if all systems are used
according to their potential, and if they are constantly
and specifically stimulated and educated for selective
integration.

Although the visual system represents the most spe-
cialized tool in processing details and environmental top-
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ographical aspects and in providing postural anchorage,
an efficient and effective sensorimotor control requires
the cooperation of all sensory channels in respect of the
multimodal nature of reality (Aspell, Lenggenhager &
Blanke, 2012). At the functional level, visual apparatus
enables the evaluation and processing of information
about body position in space, adjusting posture accord-
ingly and ensuring gestures accuracy and a correct motor
reaction timing. Therefore, a partial or total sight defi-
cit generates inadequate interaction with the surround-
ing environment with consequent deficiencies in global
and segmental coordination and postural control, ulti-
mately altering gait and balance patterns (Alotaibi et al.,
2016). In addition, visual deprivation results in negatively
altered global and segmental kinematics, head-trunk-
pelvis coordination, and core muscle recruitment, fur-
ther challenging the safety, autonomy, and mobility of the
affected individuals, both in daily and recreational and/
or sports activities (West et al., 2002).

In everyday life, human beings maintain upright
posture in a dynamic environment that continuously
and rapidly changes, globally entailing the sensorimotor
sphere in a multimodal way. Hence, in order to inves-
tigate postural control in a real setting, it is important
to inquire stability in orthostatic position by apply-
ing variegated environmental conditions, especially
those characterized by perturbations (Chagdes et al.,
2013). Since sight crucially contributes to anticipatory
and reactive postural control, orientation, and accu-
racy of motor execution, in case of visual disability, the
dynamic interaction with the spatiotemporal dimension
is strongly altered (Alghadir, Alotaibi & Igbal, 2019; Bell
et al., 2019). Despite such disability-related deficits, it is
crucial to remember that the most efficient and reliable
contribution to maintaining static and dynamic balance
comes from the proprioceptive stabilizer and from the
inputs provided by the foot sole interacting with gravity
and the support surface. Under physiological conditions
and in the absence of sensorimotor deficits, the nervous
system places greater weight on somatosensory inputs,
but in the process of learning new motor patterns, pro-
longed immobility, sedentariness, or disability, reliance
on this privileged source may progressively fail until a
total inhibition (Canu et al., 2019). Postural control and
neuromuscular efficiency are structured and refined
throughout life conforming to the psychophysical devel-
opment degree, the acquired motor background and,
above all, the utilization level. As widely demonstrated,
the only effective way to stimulate and reinstruct the
archeoproprioceptive system is to make it regularly expe-
rience disequilibrium and instability with the highest
number of biomechanical situations to handle in time
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unit, hence providing a high-frequency proprioceptive
input flow (Riva et al., 2016, 2019). Therefore, the real
challenge is to re-educate functional capacities phyloge-
netically deputed to sensorimotor control that progress
or certain health conditions may relegate to a dangerous
disuse hibernation. It has been shown that propriocep-
tive system eflicacy is stimulus- and frequency-specific,
and the best motor efficiency predictor is represented by
orthostatic monopodalic stability (Riva et al., 2013). For
this reason, re-educating the aforementioned stabilizer
requires the application of technological tools purpose-
ly designed for high-frequency proprioceptive evalua-
tion and training (Riva et al., 2019). Though still poorly
applied in scientific research, technological devices to
investigate and quantify postural control efficiency have
been recently introduced. Specifically, such innovative
tools embody sensorized proprioceptive boards provided
with a biofeedback-based digital interface designed to
assess and train functional stability taking into account
the multimodal complex nature of reality (Bronstein,
2016; Cheung & Schmuckler, 2021; Carretti et al., 2023).
From an operational perspective, biofeedback technology
transduces the micro and macro postural adjustments
into real-time multisensory signals consequently bring-
ing undetectable input to a conscious level, thus opti-
mizing sensorimotor control and motor learning timing
(Francesconi & Gandini, 2015). The importance of inte-
grating proprioceptive exercises into any type of workout
program has long been recognized (Winter et al., 2022).
In adults, especially those affected by sensory impair-
ments, proprioceptive re-education assumes a funda-
mental role in the preservation of functionality, autono-
my, and quality of life. However, despite the well-known
benefits of regular physical activity in disabled individu-
als, no specific guidelines are still available for visually
impaired, and a substantial percentage of them do not
even meet the minimum levels of practice globally estab-
lished for the general population (Carty et al., 2021).
At the same time, increasingly strong evidence can be
found in the literature regarding the close link between
motor performance, function, and physical activity lev-
els in this target population. In fact, if the vestibular and
proprioceptive stabilizers are systematically stimulated
through adapted and targeted motor proposals based
on these vicarious senses, visually impaired subjects can
become as efficient as sighted peers, not only in daily life
activities but also in recreational and sport ones (Rogge
et al., 2021). Consequently, regular involvement in pro-
prioceptive training protocols can benefit first and fore-
most those individuals but, in a broader and longer-term
perspective, also the community in which they live and
which they relate with (Rogge et al., 2021).
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On this basis, the purpose of this preliminary study
was to investigate and deepen the effects of an adapted
proprioceptive training (APT) intervention on balance
and sensorimotor control of blind adults to improve
their function and perceived quality of life. By applying,
for the first time in blind subjects, a biofeedback-based
device and a metamodal approach, both for testing and
training, our study also provides methodological-didac-
tic hints to be applied in future research concerning this
growing but still under investigated target population.

MATERIALS AND METHODS
Participants

The study enrolled 20 subjects who provided their
signed informed consent and voluntarily adhered to the
training intervention and related assessment procedures.
Specifically, the sample comprised 9 women and 11 men
aged 19 to 56 years, all acknowledged as totally blind
according to the Italian Law n.138/April 3, 2001. Inclu-
sion criteria were age between 18-60 years and the legal
certification of absolute blindness, while the presence of
any additional concomitant physical and/or intellectual
disability constituted exclusion criteria. The request for
participation in the study was promoted using the offi-
cial communication channels made available by some
associations specialized in adapted physical/sport activ-
ity for visually impaired individuals, specifically, Italian
Blind Baseball Association (AIBXC), A.S.D. Polisportiva
Fiorentina Silvano Dani A.P.S. and A.S.D. Blind Fight-
ers of Florence and A.S.D. Virtus Tennis of Bologna. The
proposed sensorimotor training was carried out in the
venues of these associations as a temporary replacement
of the activities regularly practiced by the members but
suspended due to the COVID-19 restrictions in force in
Italy during the adherence to the study. On this basis,
the overall study sample of 20 subjects was set up by
pooling three groups: two in the Florentine metropoli-
tan area and one in the city of Bologna. Concerning any
possible physical risk, all the subjects were in possession
of a mandatory valid medical certificate for motor and/
or noncompetitive sport practice issued by a sports doc-
tor. Therefore, the study participants could be consid-
ered as physically active individuals but not athletes. Fig-
ure 1 provides a schematic representation of participant
recruitment and inclusion/exclusion criteria.

As commonly provided for Italian sport asso-
ciations, in the act of renewing the annual member-
ship, each member signed up an informed consent
and agreed to participate in the training and testing
activities promoted by the technical staff during the
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INCLUSION CRITERIA EXCLUSION CRITERIA

+  Any additional concomitant physical and/or

+ Absolute blindness (ltalian Law 138/2001) intellectual disability

= Age 18-80 years + Any medical contraindication to physical activity

practice

Group 1
4 women

Group 2
4 women
3 men

2 men

Group 3

1 woman
6 men

Total study sample
20 subjects

(9 women and 11 men)

Figure 1. Schematic representation of participant recruitment and inclusion/exclusion criteria to set up the total study sample consisting of

20 legally blind adult subjects.

whole sport season. According to the Italian Legisla-
tive Decree 36/2021, our adapted training protocol was
designed, proposed, supervised, and carried out, in a
non-medicalized context, by a legally acknowledged and
staff-integrated kinesiologist. Given the double affilia-
tion, both in the kinesiological and research field, such
a professional figure personally managed the protocol
administration and data evaluation/collection strictly
following the regulations provided and agreed by the
management of each sport association adhering to the
study. Specifically, since they are private institutions
owing long-term expertise in testing and training visu-
ally impaired individuals, not comparable to academic
or healthcare ones, the study design was carefully exam-
ined and approved by the internal review board of each
involved sport association constituted by legal and tech-
nical experts. All study procedures were conducted fol-
lowing the rules of the Declaration of Helsinki of 1975
(https://www.wma.net/what-we-do/medical-ethics/
declaration-of-helsinki/), revised in 2013, and reviewed
and approved by the Review Board of A.S.D. Polispor-
tiva Fiorentina Silvano Dani A.P.S, c/o Unione Italiana
Ciechi e Ipovedenti, Florence, Italy (approval number
2021/09.09). As clearly reported in the informed consent
form signed by all participants, in the act of adhering
to the study they deliberately and consciously gave their
consent not only to participate in the study procedures

but also to data collection, storage, and utilization for
scientific publications. In agreement with the above-
mentioned form, data was treated, processed, and stored
in a completely anonymous way for the purposes of
this study. In particular, the obtained information was
entered into an electronic datasheet identifying each
participant by a unique alphanumeric ID, not mention-
ing or making any sensitive data accessible.

Methodologies and measurements

The present investigation was conceived as a pre-
post study on 20 totally blind adults all performing
the same tailored proprioceptive training. Before and
after taking part in the adapted protocol, all study par-
ticipants filled out a structured questionnaire purposely
designed using the Google Forms platform and sent by
e-mail in the form of a direct access link to the form.
Given the visual impairment of the investigated sample,
survey compilation was carried out using specific assis-
tive speech synthesis technologies. The first section of
the self-administered baseline questionnaire was aimed
at collecting sociodemographic data regarding age, gen-
der, educational status, occupation, and visual impair-
ment classification. In addition, to assess the motor
background of each participant, the above section also


https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/

Sensorimotor re-education for blind subjects

collected information regarding current and previous
motor/sport practice. The second and final section of
the questionnaire comprised the 18-item Italian ver-
sion of the Psychological Well-Being Scale (PWB-18)
(Ruini et al., 2003) and the 12-item version of the Short
Form questionnaire (SF-12) (Apolone et al., 2001) to
investigate psychological well-being and perceived qual-
ity of life, respectively. Both these validated and widely
applied qualitative tools have been already administered
and described in our previous studies addressing visu-
ally impaired individuals (Carretti et al., 2022). Moreo-
ver, the post-protocol questionnaire also investigated the
level of satisfaction concerning the proposed motor con-
tents, the applied leading methodology, and the compe-
tence of the adapted physical activity kinesiologist.
Similarly, all the anatomo-functional and senso-
rimotor assessments were also performed at baseline
and post-intervention. Bilateral ankle active range
of motion (AROM) was measured, unloading, in the
movements of flexion-extension and inversion-eversion
using digital postural goniometer and placing the sub-
ject in supine and prone decubitus position (Clarkson,
2023). The Knee to wall Test, also referred to as Lunge
Test, was also administered, strictly following the offi-
cial guidelines available in literature (Clanton et al.,
2012), to assess the tibio-tarsal joint mobility in dorsi-
flexion and loading conditions. The Brief BESTest, a
shortened version of the original Balance Evaluation
Systems Test (BESTest), which involves 8 items assess-
ing postural control in orthostatic position and dur-
ing walking, was administered to the whole sample. An
evaluative scale ranging from 0 to 3 points is applied
to each item so the total score ranges between 0 and
24 points, with higher values corresponding to a bet-
ter static and dynamic postural control (Padgett, Jacobs
& Kasser, 2012). Finally, the efficiency of propriocep-
tive stabilizer in dynamic postural control was tested
by making use of the Libra sensorized proprioceptive
board (Easytech s.r.l, Borgo San Lorenzo, Florence, Ita-
ly), an innovative device capable of providing accurate
and reliable quantitative data (Tchérzewski, Jaworski &
Bujas, 2010). Specifically, it consists of a sensorized tilt-
ing board equipped with interchangeable rolling wedges
that allow variable oscillation degrees. Such a tool has
been validated for balance assessment, calculation of
global stability index in relation to visual anchorage,
and ankle sprain risk index. Libra can be connected,
via USB, to any computer and the software interface,
equipped with biofeedback, allows to set different path
patterns which can be displayed on the computer screen
as a roadway laterally bounded by two parallel lines.
During the board swing, whenever these limits are
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approached or exceeded, a special graphical and acous-
tic feedback is played to signal the departure from the
equilibrium position (Tchérzewski, Jaworski & Bujas,
2010). The digital interface also offers two validated pre-
set tests, specifically, Spielman-De Gunsch (SDG) Test
and Cauquil-De Gunsch (CDG) Test. In both tasks, the
subject is asked to stand up in orthostatic position on
Libra while trying to control oscillations by keeping it
as parallel to the floor as possible, as generally required
during balance exercises on traditional proprioceptive
board (https://www.easytechitalia.com/prodotti/libra/).
The SDG Test allows the assessment of global postural
stability and the subsequent fall risk in orthostatic bipo-
dalic support, in relation to three different conditions
of visual anchorage: visual feedback with no head coor-
dination constraints, gaze on frontal fixed point, and
closed eyes (Adamo, Pociask & Goldberg, 2013). At the
end of the entire execution, the software calculates and
records in the database the performance index obtained
in the different visual conditions applied. According to
the reference cut-offs, the stability index ranges from 0
to 100 with lower values corresponding to more efficient
postural control. Taking into account the visual impair-
ment of the investigated sample and the associated
head-trunk separation deficits, head coordinative con-
straints only were applied in performing the SDG Test
(West et al., 2002; Adamo, Pociask & Goldberg, 2013).
The CDG Test allows to assess ankle stability and the
related sprain risk during dynamic balance. Specifically,
the subject is evaluated in bipodalic and monopodalic
stance and at the end of the overall test, the recovery
ratio, expressed as a percentage, can be considered a
significant predictor of tibio-tarsal stability (Tchorzews-
ki, Jaworski & Bujas, 2010; Riva et al., 2016) with lower
values corresponding to a lower risk of ankle sprain.
Despite the absolute blindness condition of the study
participants, the test performance was possible thanks
to the auditory feedback provided by the Libra digital
interface.

Adapted proprioceptive training

The targeted 8-week intervention was organized
at each of the three locations of the sport associations
(i.e. two in the Florentine metropolitan area and one in
the city of Bologna) adhering to the study thus avoid-
ing their members any disability-related logistical and
mobility difficulties or barriers. Advisably, adapted
training interventions for visually impaired individu-
als must be led in small groups to grant collective/indi-
vidual support, assistance, and safety. Specifically, it
was administered in two 60-min sessions per week per-
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formed on non-consecutive days. The main objectives
of the APT were set in the sensorimotor re-education,
and the postural control, global/segmental coordina-
tion and balance improvement, thus positively impact-
ing daily functionality, fall prevention, and quality of
life in this particularly vulnerable target population.
The whole training protocol was conceived in three
progressive macro-phases according to the re-educa-
tional focuses and the specific goals set, always avoid-
ing inducing psycho-physical and cognitive overload.
Regarding the applied equipment, the main unstable
surfaces used were Freeman boards, foampads, skim-
mies, proprioceptive cushions and wedges, foam roll-
ers, Gibbon Slackrack (https://www.gibbon-slacklines.
com/pages/slackline-therapie-landing-page), and Libra
Easytech sensorized board. The workout load was pro-
gressively increased by varying the instability degree,
the exercise performing position, adding coordinative
constraints and dual-task assignments, as well as using
small fitness tools. To respect the pandemic context in
which the intervention was conducted and to grant the
best safety and management of participants during the
protocol, the circuit training methodology was applied
to all training sessions. In general, each of them includ-
ed an initial phase of respiratory education, total-body

Central Part
* Breathing and body
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activation and consciousness, a middle phase character-
ized by exercises with proprioceptive focus, and a final
phase of cooldown, stretching and conscious listening/
internalizing of post-workout sensorimotor sensations.
To promote and maximize the perception of proprio-
ceptive inputs arising from the plantar sole interact-
ing with gravity and perturbations, the workout ses-
sions were performed barefoot. In detail, the central
phase of the session involved the execution of two dis-
tinct circuits, one consisting of monopodalic exercises,
therefore repeated twice, changing sides at each turn,
and the other comprising exercises with predominantly
bipodalic or alternating execution, therefore performed
once. The working time on each station was 2 min, with
no recovery in the transition between consecutive sta-
tions and, in each circuit, one station always involved
the Libra board. Given the large number and variety of
proprioceptive exercises proposed, the main methodo-
logical/motor contents of each protocol phase are repre-
sented in synthetic graphic form in Figure 2.

To ease and promote motor contents reproducibility,
an exemplifying circuit training schedule is detailed and
provided as Supporting Information files, with figures
specifically showing the digital interface and exercise
settings of the sensorized Libra board.

MAIN OBJECTIVES:

# Orthostatic postural control/awareness in micro

* Breathing exercises

« Total and segmental body
perception/awareness

= Dynamic stretching

* Breathing exercises

+ Total and segmental body
perception/awareness

* Dynamic stretching

consciousness exercises

+ Circuit training
APT * Postural sway and feet
Ph 1 proprioceptive input '.l,.ihra !martl: low
ase perception and control in tilting/difficulty level;

orthostatic stance lincar pathway; postural
control on sagittal and
frontal plane in mono
and bipodalic stance

APT * Breathing-movement
coordination using o
Phase 2 proprioceptive cues + Circuit training

+ Body consciousness . _Libr.a l:.ioarc!: medium-

during cross-coordination | high tilting/difficulty level;

movements sine/triangle wave
pathway; postural control
on all planes in mone and
bipodalic stance

APT
Phase 3

* Breathing consciousness
during progressive complex
movements

* Dynamic postural control
during coordinative tasks

* Circuit training

* Libra board: high
tilting/difficulty level;
coordinative constraints
and dual-tasks

* Static and dynamic
balance on Slackrack

* Breathing exercises

* Total and segmental body
perception/awareness

* Dynamic stretching

instability conditions

# Sensorimotor reactivity improvement in response to

perturbations and biofeedback

MAIN OBJECTIVES:

~ Reactive and anticipatory postural control in macro

instability conditions

» Core stability str and cr dination
improvement
MAIN OBJECTIVES:
» Head-trunk-pelvis coordination/isolati

» Reactive agility under macro instability conditions
> Spatio-temporal orientation during dual tasks

Figure 2. Adapted proprioceptive training (APT) organization.
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Statistical analysis

Statistical analysis was performed using SPSS 28.0.1
(Statistical Package for the Social Sciences, Chicago, IL,
USA). Data were expressed as mean + standard error of
the mean (SEM), mean * standard deviation (SD), or
number and percentage of subjects participating in the
study. Student’s t-test for paired data was used to com-
pare the baseline vs. post-APT outcomes after verifying
the normality of data with a Shapiro-Wilk test. Values of
p < 0.05 were considered statistically significant.

RESULTS

A sample of 20 totally blind subjects [11 (55.0%)
male; mean + SD age, 45.5 + 10.64 years] voluntar-
ily took part in this study. The collected data regarding
sociodemographic characteristics and visual disability
features of the study participants are detailed in Table 1.

Regarding past and current motor/sport activ-
ity practice, almost all participants reported consistent
adherence over time (Table 1).

Results concerning the investigated anatomo-func-
tional parameters and sensorimotor control assessment

Table 1. Sociodemographic data of study participants.

Variables Blind subjects (n = 20)
Age (years), mean * SD (range) 45.5 + 10.64 (19-56)
Sex, n (%)
Male 11(55.0)
Female 9 (45.0)
Blindness, n (%)
Congenital 10 (50.0)
Acquired 10 (50.0)
Educational level, n (%)
Middle school degree 2 (10.0)
High school degree 8 (40.0)
University 9 (45.0)
None 1 (5.0)
Employment status, n (%)
Employee 13 (65.0)
Freelance 2 (10.0)
Health profession 2 (10.0)
Retiree 2 (10.0)
Current physical/sport activity, n (%)
Yes 20 (100)
No 0 (0)
Previous physical/sport activity, n (%)
Yes 19 (95.0)

No 1(5.0)
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at baseline and after ending the structured APT are
reported in Table 2.

In detail, ankle AROM values showed a statistically
significant post-protocol increase in dorsal/plantar flex-
ion movements, as well as a decrease in bilateral inver-
sion (Table 2). Likewise, the bilateral eversion AROM val-
ues, though not statistically significant, revealed a trend
toward a decrease post-APT (Table 2). Moreover, bilateral
tibio-tarsal joint mobility in loading, measured by the
Knee to wall Test, was significantly improved follow-
ing the APT (Table 2). With respect to the sensorimotor
component, a statistically significant increase in the Brief
BESTest total score was found after the APT respect to
baseline (Table 2). Table 2 also shows the results obtained
in the CDG and SDG Test performed on Libra Easytech
proprioceptive board. All the parameters (i.e. bipodalic
and monopodalic stance), assessed by Libra CDG Test
and strongly correlated with ankle stability index, dis-
played a statistically significant improvement (Table 2).
Besides, outcomes regarding postural control, evaluated
by Libra SDG Test, also showed a statistically significant
improvement in all the prevised stability constraints post-
APT compared to baseline (Table 2).

Figure 3 displays the key significant results related to
sensorimotor control.

The PWB-18 scale and SF-12 questionnaire score
comparison at baseline and post-APT highlighted no
statistically significant difference as shown in Table 3.

Of note, a trend toward a mild improvement in PWB-
18 environmental mastery subscale and mental compo-
nent of SF-12 questionnaire was observed (Table 3).

As far as the assessment of training experience sat-
isfaction is concerned, post-APT data showed that 100%
of the enrolled sample was satisfied with the proto-
col practice and the competence of the adapted physi-
cal activity kinesiologist. Although 65% of participants
considered the APT as strenuous, 100% of them report-
ed that they would willingly continue performing on a
regular basis the proposed adapted training. The same
percentage of subjects also reported that the practice of
this specific protocol provided psychophysical benefits in
their daily life. Finally, the experience fully satisfied the
expectations of the whole sample.

DISCUSSION

As far as available in literature, the present study was
the first to investigate the use of a biofeedback-based sen-
sorized proprioceptive board, specifically Libra Easytech,
for high-frequency proprioceptive training in blind adults.
Specifically, it was intentionally used both as testing and
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Table 2. Mean scores of anatomo-functional and sensorimotor control assessments at baseline and post-adapted proprioceptive training.

Variables Baseline Post-APT o
Mean + SD (SEM) Mean + SD (SEM)

Ankle AROM, degrees
Right dorsal flexion 14.30 + 2.65 (0.59) 17.20 + 1.70 (0.38) < 0.001
Leftt dorsal flexion 14.20 £ 2.94 (0.65) 17.55 + 1.87 (0.41) < 0.001
Right plantar flexion 43.45 + 5.85 (1.33) 47.85 + 3.78 (0.84) < 0.001
Left plantar flexion 43.15 + 6.53 (1.46) 48.55 + 3.77 (0.84) < 0.001
Right inversion 20.65 + 5.66 (1.26) 18.00 + 2.55 (0.57) 0.005
Left inversion 19.90 + 6.47 (1.44) 17.65 + 2.34 (0.52) 0.046
Right eversion 10.25 + 1.97 (0.44) 10.00 + 1.21 (0.27) NS
Left eversion 10.10 + 2.26 (0.50) 9.85 + 1.08 (0.24) NS
Knee to wall Test, cm
Right 10.65 + 2.32 (0.51) 12.65 + 1.66 (0.37) < 0.001
Left 9.95 + 2.16 (0.48) 12.35 + 1.56 (0.35) < 0.001
Brief BESTest, score
Total score 16.10 + 2.75 (0.61) 20.75 + 1.83 (0.40) < 0.001
Libra
CDG, recovery ratio
Bipodalic stance 106.60 + 18.62 (3.22) 89.75 + 14.84 (3.18) < 0.001
Right monopodalic stance 79.31 £ 9.63 (2.97) 71.38 + 10.10 (2.55) 0.002
Left monopodalic stance 84.06 + 4.90 (1.93) 76.48 + 4.51 (1,91) 0.004
SDG, performance index
No constraint 13.20 + 0.96 (0.21) 11.93 + 0.90 (0.20) < 0.001
Straight head 13.64 + 1.08 (0.24) 12.36 + 0.80 (0.17) < 0.001
Closed eyes 14.97 + 0.54 (0.12) 14.03 £ 0.52 (0.11) < 0.001

APT, adapted proprioceptive training; SD, standard deviation; SEM, standard error of the mean; AROM, active range of motion; CDG,
Cauquil De Gunsch; SDG, Spielman-De Gunsch; NS, not significant. * Paired Student’s t-test.

training tool since it has been demonstrated that a high-
frequency input flow is needed to re-educate and reliably
evaluate sensorimotor control in a real frame perspective
(Riva et al., 2013, 2016). Of note, Libra settings applied
during the training sessions did not recall the ones pro-
vided by SDG and CDG test, therefore such dual-purpose
use simply reinforced methodological consistency with-
out risking any task-specific adaptation. By designing a
circuit training workout that integrates both traditional
tools and such an innovative device and using auditory
feedback provided by the digital interface, we obtained
encouraging results to apply in future studies addressing
this poorly investigated target population. Given the key
role of the tibio-tarsal joint in orthostatic postural con-
trol, the proposed motor protocol evaluated this district
in both unloading and loading, as well as on stable and
unstable surfaces. This multimodal approach allowed us
to detect district deficits/potentialities, both structural
and functional, in several settings recalling the multi-
modal complex nature of reality. The statistically signifi-
cant bilateral improvement of AROM in unloading dor-

sal/plantar flexion and in loading dorsal flexion, detect-
able by comparing baseline and post-APT evaluation,
endorsed the benefits of high-frequency proprioceptive
training on structure and function of this district (Riva et
al., 2016). Contemporarily, the post-intervention bilateral
AROM decrease in ankle inversion/eversion indicated an
increased joint stability thus reducing ankle sprain risk.
This positive correlation has also been confirmed by the
outcomes obtained through the validated Libra CDG Test.
The use of Libra proved to be effective in improving tibio-
tarsal stability, both in mono and bipodalic perturbed
supports, a condition frequently experienced in everyday
life strongly correlated with traumatic distortion events
(Riva et al., 2016; Ha, Han & Sung, 2018). The adminis-
tration of exercises predominantly performed in orthos-
tatic position on unstable surfaces, widely varied in mate-
rial, shape, and progressive degree of instability, allowed
to train foot proprioceptive sensitivity and responsiveness
to perturbations in a wide range of environmental con-
texts always in interaction with gravity (Riva et al., 2019).
Specifically referring to the target group investigated, the
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Figure 3. Baseline and post-APT data comparison of Brief BESTest total score (A), Libra CDG recovery ratio in bipodalic and monopo-
dalic orthostatic positions (B), and SDG performance index in relation to three different conditions of visual anchorage (i.e. no constraint,
straight head, and closed eyes) (C). Data are mean * standard deviation. Values of p calculated by Student’s ¢-test for paired data. APT,
adapted proprioceptive training; CDG, Cauquil De Gunsch; SDG, Spielman-De Gunsch.

Table 3. Mean scores of psychological well-being scale and quality of life questionnaire in visually impaired subjects al baseline and post-

adapted proprioceptive training.

Variables

Baseline
Mean + SD (SEM)

Psychological well-being (PWB-18)

Self-acceptance
Autonomy

Environmental mastery

Personal growth
Purpose in life

Positive relations with others

Total score

11.40 + 1.66 (0.37)
12.00 + 1.91 (0.42)
10.70 + 2.10 (0.47)
12.30 + 2.17 (0.48)

9.15 + 1.69 (0.37)

8.65 + 2.43 (0.54)
64.20 + 5.74 (1.28)

Quality of life (SF-12)

Physical component
Mental component

51.26 + 7.65 (1.71)
49.47 + 9.42 (2.10)

Post-APT "
Mean + SD (SEM) p
11.60 + 1.46 (0.32) NS
11,65 + 2.23 (0.49) NS
11.50 + 1.96 (0.43) NS
12.65 + 1.87 (0.41) NS

8.85 + 2.64 (0.59) NS
8.35 + 1.66 (0.37) NS
64.60 + 4.27 (0.95) NS
52.76 + 5.24 (1.17) NS
52.77 + 6.81 (1.52) NS

APT, adapted proprioceptive training; PWB-18, 18-item Psychological Well-Being; SF-12, 12-item Short Form; SD, standard deviation;
SEM, standard error of the mean; NS, not significant. * Paired Student’s t-test.

risk of lower limb injuries is much higher than in sight-
ed peers, both during motor/sports practice and in daily
life activities (Alghadir, Alotaibi & Igbal, 2019; Magno e
Silva et al., 2013). Therefore, the results obtained at the
end of the APT have not only a training but also a preven-

tive value. Such a result can be traced back to the inclu-
sion in the APT of progressive exercises on Libra board
and Slackrack which were specifically designed to stimu-
late the anatomo-functional components of sensorimotor
control under unstable conditions (Dordevic et al., 2020;
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Donath et al., 2016). Of note, slacklining, although still
poorly applied in research settings, has also been shown
to be effective in increasing vestibular-dependent spa-
tial orientation skills (Dordevic et al., 2017). The present
intervention has been the first to use Slackrack in blind
adults, a target population particularly relying on vestibu-
lar channel for dynamic postural control (Tomomitsu et
al., 2013). Introducing this tool in the final phase of the
APT, according to a didactic progression culminated in
the performance of dual-task assignments while moving
on the line, generated an improvement in vestibular-relat-
ed orientation skills. This finding was also corroborated
by post-training improvements shown in the SDG Test
in all the prevised constraints. These statistically signifi-
cant results also suggest a reduction in disability-related
deficits affecting head-trunk coordination/isolation and
auditory-dependent orientation. Such improvements can
be attributed to the progressive administration of specific
exercises, on traditional unstable surfaces, on Libra, and
on Slackrack, purposely involving cross coordinative pat-
terns which are crucial but not naturally acquired during
sensorimotor development in visually impaired subjects
(Rogge et al., 2021; Haibach, Wagner & Lieberman, 2014).
Considering the metamodal and mutable nature of reality,
the adapted protocol was peculiarly designed to stimu-
late postural control in both its anticipatory and reactive
functions, in static and dynamic, in stable and unstable
conditions, with and without global or segmental coordi-
native constraints. The benefits achievable through such
a methodological-didactic approach are also evidenced
by the statistically significant results obtained in the Brief
BESTest, recording a post-intervention average score close
to the maximum predicted by the validated cut-off. Given
the specific sensory disability investigated, it is notewor-
thy the statistically significant bilateral improvement in
the items related to monopodalic stability and postural
responsiveness to external perturbations (Riva et al.,
2013; Padgett, Jacobs & Kasser, 2012). Since re-educating
proprioceptive sensorimotor control initially involves
prevalent cortical management of high-frequency inputs,
considerable attentional skills were required to partici-
pants. This might have triggered central fatigue processes
able to explain why 65% of subjects referred to the APT
as physically strenuous. Nevertheless, the entire sam-
ple stated that they would willingly continue to regularly
perform this kind of adapted training and that they per-
ceived psychophysical benefits in everyday life as a direct
result of participating in this study. Although slight trends
toward an improvement have been detected in some of
the qualitative parameters investigated, they were not sup-
ported by statistically significant results in the post-inter-
vention scores obtained in the SF-12 questionnaire and
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the PWB-18 scale. Interestingly, the increased outcome
in the PWB-18 subscale was related to environmental
mastery, thus proving that targeted sensorimotor train-
ing recalling dynamic reality conditions can positively
affect the interaction with the surrounding environment.
Regarding the lack of post-APT improvement in the psy-
chological parameters assessed through qualitative instru-
ments, it should be mentioned that the entire intervention
took place in a pandemic context characterized by heavy
restrictions on motor activity and social interactions.
Indeed, the recent scientific literature has widely demon-
strated that such anti-contagion measures have heavily
impacted the psychological well-being and quality of life
of the general population and, to a greater extent, of the
most vulnerable social groups such as visually impaired
individuals (Bubbico et al., 2021). On this evidence, the
trend toward an improvement registered in the SF-12
questionnaire mental index, following participation in the
protocol, is worthy of mention.

The main limitations of the present research most-
ly concern the shortness of the proposed APT protocol,
peculiarly due to the pandemic frame in which it was
conducted, the lack of a control group, and the small
sample size investigated. Nevertheless, we should con-
sider that it is recommendable to lead tailored training
interventions addressing visually impaired people in
small classes in order to properly manage the disabili-
ty-related needs while granting individual and collec-
tive safety (Carretti et al.,, 2024). Indeed, if examined
in a target-specific perspective, this potential limitation
simply reflects the demographic peculiarities and the
complex safety needs of blind individuals thus remark-
ing the necessity of real-frame research. In line with
such research perspective, a control group was not pro-
vided since it has been widely demonstrated that motor
efficiency is strongly linked to regular physical activ-
ity practice in visually impaired individuals, even more
than in sighted peers (Alghadir, Alotaibi & Igbal, 2019;
Rogge et al., 2021). In fact, it is well-known that visual
disability deeply affects sensorimotor control, especially
if combined with a sedentary lifestyle (Carty et al., 2021;
Carretti, Manetti & Marini, 2023). Therefore, studies
comparing physically active and sedentary individuals
within this target population have been progressively
relegated only to clinical contexts or elderly individu-
als. Given that the present study is the first applying the
high-frequency biofeedback-based technology to test and
train sensorimotor control in blind adults, and there are
almost no validated guidelines or experimental research
specifically focusing on this topic, our encouraging
short-term results may represent a promising methodo-
logical and research approach to effectively investigate



Sensorimotor re-education for blind subjects

and improve such skills in this target population. For
such a reason, from a methodological perspective, it
can be considered a preliminary research approach that
needs to be deepened, hence making available further
kinesiological hints and tailored protocols to be com-
pared in future studies. In fact, our findings, though
encouraging, highlight the necessity of further research
involving larger samples and longer adapted training
protocols, also monitoring over time the obtained ben-
efits to detect and evaluate detraining timing. In addi-
tion, given the crucial role of movement in the overall
harmonious development of the individual, which is
deeply jeopardized by a sight lack, large-scale sensorimo-
tor interventions addressing visually impaired children
and adolescents should be planned globally (Rogge et
al., 2021; Greguol, Gobbi & Carraro, 2015). This kind
of initiative could provide them concrete opportunities
of being regularly involved in ludic and sport activities
designed, managed, leaded, and monitored by highly
specialized kinesiologists, thus promptly preventing and
counteracting disability-related deficits (Houwen, Hart-
man & Visscher, 2009; Columna et al., 2019).

CONCLUSIONS

In conclusion, given the multimodal complex nature
of sensorimotor control, targeted high frequency proprio-
ceptive interventions are needed to effectively counteract
eventual disuse- or disability-related deficits and re-edu-
cate/improve the primary postural stabilizer recruitment.
A biofeedback-based proprioceptive device such as Libra
Easytech may allow to provide multimodal stimuli tai-
lored to the peculiar needs of blind subjects, thus safely
and effectively promoting sensorimotor efficiency. The
present study is the first to investigate sensorimotor con-
trol in blind adults using both validated and innovative
evaluation and training tools to improve daily life func-
tionality and motor efficiency, hence offering pioneering
methodological hints to be applied in future research in
this field. Finally, our tailored proprioceptive training
conceived, led, and monitored by an adapted physical
activity kinesiologist highlights the crucial role of such a
professional figure in the global management of this vul-
nerable and still under investigated target population.
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Abstract. Reports in the literature suggest that the variations in branching patterns of
the upper limb arteries and their prevalence may be influenced by sex and population
affinity. A comprehensive investigation of branching patterns of the brachial artery and
its branches is lacking in South Africans, with many reports focusing on the axillary
artery. Therefore the current study aimed to record the incidence of the variations of
the brachial, radial and ulnar arteries in a sample of the South African population.
One hundred and eighty (180) upper limbs of 90 South African cadavers from the
Department of Anatomy at Sefako Makgatho Health Sciences University were dissect-
ed. Normal anatomy according to standard anatomy textbooks and variant branching
patterns of the brachial, radial and ulnar arteries were identified and recorded. SPSS
software was used to establish the differences in variant branching patterns between
side and sex. Upper limb arterial variations appeared in all the dissected cadavers.
The recorded variations ranged from abnormal origin of the deep brachial artery, high
division of the brachial artery into the ulnar and radial arteries, tortuous brachial and
radial arteries, and superficial course of radial and ulnar arteries. The prevalence of
brachial, ulnar and radial artery variations in the current study is comparable to that of
previous studies. However, the superficial radial artery is more prevalent in males than
in females in South Africans. The results of the current study provide crucial informa-
tion for planning surgical procedures and interpretation of angiograms.

Keywords: brachial artery, ulnar artery, radial artery, median artery.

INTRODUCTION

The branching pattern of the upper limb arteries are highly variable,
with an average incidence of 25% [1]. Literature reports describing the preva-
lence of the variant branching patterns of upper limb vessels usually focus
on the axillary artery due to frequent incident reports on its variations [2-6].
Consequently, there is a lack of population studies on variations of brachi-
al, radial and ulnar arteries as much focus on arterial variations is put on
incident reports encountered during routine dissections in the university set-
ting [7-10]. A study performed on a sample of African Americans and non-
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African-Americans showed a higher incidence of a high
brachial artery bifurcation in African-Americans than
in non-African-Americans suggesting that population
affinity may influence this branching pattern [11]. The
available reports on upper limb arterial variations are
mostly based on European and Asian population groups
with not many reports on the African populations
[4,5,7,12,13]. Studies conducted in African populations
specifically focused on the axillary artery, whereby some
unique branching patterns were recorded in contrast to
standard anatomy textbook descriptions [6,14,15].

Arterial variations have significant clinical impli-
cations during surgical procedures [6]. The most com-
mon variation noted in the brachial artery, is a superfi-
cial brachial artery, which could be easily mistaken for
a vein during drug administration [16]. The high origin
of the radial and ulnar arteries from axillary or brachi-
al artery has also been reported [17-20]. Knowledge of
variant origins of these vessels can be clinically relevant
as the radial artery is commonly harvested for coronary
artery bypass procedures, in which case, the ulnar artery
becomes the principal arterial supply to the hand [21].
The high origin of the ulnar artery is often associated
with nerve entrapment as well as trauma during intra-
venous cannulation [22]. Another upper limb arterial
variation reported in the literature is a tortuous radial
artery [23-25]. Change in the direction of the flow of
blood in a tortuous vessel is often noted and could affect
the histological structure of the vessel and cause athero-
sclerotic plaques [24]. In addition, the tortuous course of
the radial artery can cause difficulty to access the radial
artery during trans-radial catheterisation, as the tortuos-
ity could hinder the passage of the catheter causing com-
plications or influence the success of the procedure [25].

Another upper limb arterial variation in the forearm
arteries is a persistent median artery which has been
reported to have a prevalence of 2,8% [26]. When pre-
sent, the median artery can cause symptoms consistent
with median nerve disturbances, either by compression
when accompanying the median nerve through the car-
pal tunnel, or by iatrogenic ischemia [27].

VARIATIONS OF THE BRACHIAL ARTERY

Common variations of the brachial artery include the
superficial brachial artery, high origin of radial and ulnar
arteries, accessory brachial artery, and trifurcation of the
brachial artery to common interosseous, radial and ulnar
arteries [28]. The superficial brachial artery is defined as
a brachial artery coursing anterior to the median nerve,
instead of posterior to it [29]. A superficial brachial artery
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is often more susceptible to trauma and can easily be
confused with superficial veins [16]. Additionally, the
superficial course and variations in the brachial artery or
its derivatives are clinically relevant as the brachial artery
is often used as the passage during coronary artery pro-
cedures making it prone to injuries leading to bleeding
or ischemia [30]. The bifurcation of the brachial artery
proximal to the cubital fossa is considered a high division
of the brachial artery [31]. The high origin of the radial
artery has a prevalence of 3,0-18,0% [13,19,29,32]. Knowl-
edge of the above variations is also crucial for the evalua-
tion of angiographic images, and for vascular and recon-
structive surgeries of the arm and forearm [30].

VARIATIONS OF THE RADIAL ARTERY

The radial artery usually originates from the brachial
artery in the cubital fossa at the level of the neck of the
radius [19]. The radial artery runs along the lateral aspect
of the anterior compartment of the forearm deep to the
brachioradialis muscle, lateral to the flexor carpi radialis
tendon. It winds around the lateral aspect of the radius
and passes through the floor of the anatomical snuftbox
to pierce the first dorsal interosseous muscle [28].

The high origin of the radial artery is described as
the origin from the axillary artery or from the brachi-
al artery proximal to the cubital fossa [29]. The radial
artery is commonly used in vascular, plastic and recon-
structive surgery and is routinely used for arterial punc-
ture and cannulation [19]. Radial artery anomalies may
prolong and diminish the success of coronary angiog-
raphy and percutaneous coronary intervention [20]. In
addition, trans-radial access may be hindered by the
presence of an unusual origin or course of the radial
artery [33]. The superficial course of the radial artery
may be more vulnerable to trauma, and thus haemor-
rhage [34]. It may also lead to puncture of the radial
artery during venipuncture, misinterpretation of angio-
graphic images, or severe disturbance of hand irrigation
during surgical procedures on the arm [35]. Further-
more, it has been recorded that the presence of a high
origin of the radial artery contributes to the develop-
ment of tortuosity, which can increase the risk of failure
of trans-radial catheterisation [19].

VARIATIONS OF THE ULNAR ARTERY

The ulnar artery passes medially, deep to the prona-
tor teres muscle and intermediate to the flexor digitorum
superficialis muscle, to reach the medial aspect of the
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forearm after its origin from the brachial artery in the
cubital fossa. It passes superficial to the flexor retinacu-
lum at the wrist in Guyon’s canal to enter the hand [28,
36]. The ulnar artery courses through the forearm with
the ulnar nerve [37].

The superficial artery is described as an ulnar artery
with a high origin in the arm that descends over the
superficial muscles of the forearm [8]. Knowledge of the
superficial ulnar artery has clinical significance as this
variant vessel can be easily mistaken for a vein during
intravenous drug administration [38]. The tortuosity of
the ulnar artery can lead to ulnar nerve compression if
tortuosity coincides with the passage of these two struc-
tures through the pisohammate hiatus, which may result
in paresthesia and numbness of the skin in the dorsum
of the hand where the ulnar nerve is distributed [39].

THE MEDIAN ARTERY

During early embryonic life, the arterial axis of the
forearm is represented by a transitory vessel known as
the median artery. It normally regresses after the sec-
ond embryonic month [27]. However, if the persistent
median artery does not regress, it forms a median artery
that accompanies the median nerve, which in some cas-
es may perforate the median nerve [32]. The persistent
median artery has also been associated with compres-
sive pathology of the median nerve, which is secondary
to arterial calcification, thrombosis and atherosclerosis
[12]. In addition, if there is no anastomosis between the
persistent median artery and the ulnar artery, it becomes
of great importance to plastic surgeons and neurosur-
geons as inadvertent damage to the persistent median
artery may cause hand ischemia [40]. The prevalence of
the variations of the median artery has shown popula-
tions difference ranging from 0,5-59,7% in Europeans,
and Africans respectively, with the Europeans recording
the lowest incidence [13,14,20,41].

TORTUOSITY OF THE UPPER LIMB ARTERIES
AND THEIR CLINICAL IMPLICATIONS

Tortuous arteries and veins are increasingly becom-
ing a common observation throughout the human body
[25]. Changes in the arterial walls due to mechanical
injury, hypertension, diabetes, ageing and atherosclerosis
may lead to thrombic events, embolic events, restriction
of blood flow, occlusion of blood flow and ultimately
change in the gross anatomical structure of the artery
leading to tortuosity [24].
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The mechanical stability of arteries depends on the
wall stiffness [24]. Elastin is an important extracellular
matrix component for arterial elasticity and stiffness and
elastin degradation weakens the arterial wall [42]. Deg-
radation of elastin in the arterial walls is said to cause
weakening of the arteries leading to tortuosity, due to
increased blood flow, but the underlying mechanisms
are unclear [24]. The fragmentation of elastin has been
reported in the walls of tortuous arteries and has been
considered the cause of vessel lengthening leading to
tortuosity [43].

Clinical observations have linked ageing, athero-
sclerosis, hypertension, genetic defects, diabetes mellitus
and reduced axial tension or elongation of the arteries
to some of the factors thought to cause tortuosity [24].
Certain levels of axial tension are essential in maintain-
ing the stability of arteries and preventing tortuosity,
decreasing with age as the artery lengthens [44].

Tortuosity of arteries increases the resistance in
blood flow and in severe cases, obstruction or even
occlusion of blood flow [45]. Han (2012) [24] classified
tortuosity into four different types: curving/curling,
kinking, looping and spiral twisting vessels. A previous
study described three types of tortuous radial arteries
[46]. The first type was the tortuous radial artery with-
out stenosis. In this type, trans-radial catheterization
was recorded to have a 98,8% success rate. The second
type was the stenotic tortuous radial artery where the
tortuous segment of the artery was calcified. In this
type, difficulty in inserting the guide wire was report-
ed. The third type was the hypoplastic tortuous radial
artery, an additional brachioradial artery, which may
influence the flow of blood and may require a different
approach to gain access to the artery [46]. The afore-
mentioned types of the tortuous radial artery suggest
that tortuosity complicates radial catheterisation. Chron-
ic pressure on the vessel wall is considered one of the
important predisposing factors of tortuosity, resulting
in the vessel wall thickening and also an increase in the
length of the artery [24]. In case of an anomaly in the
radial artery, like tortuosity, the ulnar artery is used as
an alternative in coronary and cerebral angiography and
ulnar-cephalic arteriovenous fistula when access to the
radial artery fails [8].

MATERIALS AND METHODS
Study design
The current study is a descriptive quantitative study

where the types and frequency distribution of the upper
limb arterial variations were analysed and recorded in a
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select sample of the South African population (black and
white) (Ethics Reference Number: SMUREC/M/193/2022:
PG). The sampling method used in the current study was
convenient sampling. Gross anatomical dissection was
used to expose the upper limb arteries by using the meth-
ods described by Tank and Grant (2013)[47].

Sample size

One-hundred and eighty (180) upper limb arter-
ies of 90 cadavers were dissected in the Department of
Human Anatomy and Histology at Sefako Makgatho
Health Sciences University (Table 1). Of the 90 cadav-
ers, 14 were neonatal cadavers, 3 were fresh unembalmed
adult cadavers and the remaining 73 cadavers were adult
embalmed cadavers. The axillary, brachial, ulnar and
radial arteries were exposed via gross anatomical dissec-
tion using a method described by Tank and Grant (2013)
[47]. The dissection was completed by making use of a
standard dissection kit.

Data analysis

The data was analysed using SPSS v.24. Frequency
distribution of the variant branching patterns of the
tortuosity of the radial, high origin of the radial artery,
common trunk for circumflex humeral arteries and the
superficial subscapular artery were recorded in the stud-
ied population from the left and right upper limbs, Black
and White population as well as female and male were
compared using the Chi-square statistical test. A p-value
< 0,05 was considered statistically significant.

RESULTS
Variations of the brachial artery and its terminal branches

The standard anatomical branching pattern of the
brachial artery was recorded in 19 56,11% cases (Figure

1). In the above-mentioned cases, 73 cases were record-

Table 1. Distribution of the cadaveric material used in the current
study.

Race distribution

Sex Sample size
Black White
Female 18/90 = 20,00% 9/90=10,00% 27
Male 50/90 = 55,56% 13/90 = 14,44% 63
Total 68 22 90
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Figure 1. A) The anterior view of the arm showing a textbook
branching of the brachial, radial and ulnar arteries. B) A schematic
diagram of the anterior view of the arm showing a textbook branch-
ing of the brachial, radial and ulnar arteries. Key: BA: Brachial
artery; UA: Ulnar artery; UN: Ulnar nerve; RA: Radial artery; *:
Point of bifurcation; L: Lateral; M: Medial; P: Proximal; D: Distal.

ed in males, while 28 cases were recorded in females.
Additionally, 15 of the above cases were recorded in
the White cadavers while 86 cases were recorded in the
Black cadavers. This pattern was observed bilaterally in
96 cadavers and unilaterally in five cadavers.

The radial artery had a high origin in % 5,56%
cases (Figure 2A and B). The high origin of the radial
artery was found bilaterally in z7 4,44% and unilater-
ally in % 1,11%. In addition, % 5,00% were observed
in males and Wlo 0,56% were observed in females. Con-
sidering the race distribution, 135 1,67% cases of high
origins of the radial artery were recorded in the White
cadavers and TZU 3,89% were recorded in the Black
cadavers.

The Chi-square test comparing the frequency of the
high origin of the radial artery in all 180 dissected upper
limbs (136 Black, 44 White, 126 males and 54 females)
showed no significant differences in the frequency of the
high origin of the radial artery in the sides (p = 0,861),
sex (p = 0,094) and race (p = 0,732).

In one of the above 10 cases of high origin of radial
artery, the radial artery took a superficial course over the
forearm muscles.

The ulnar artery had a high origin in % 2,22% cas-
es (Figure 3A and B). In one of the above four cases, the
ulnar artery took a superficial course (Figure 3 C). The
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Figure 2. A) The anterior view of the arm showing the high divi-
sion of the brachial artery. B) A schematic diagram of the anterior
view of the arm showing the high division of the brachial artery.
Key: BBM: Biceps Brachii muscle; BA: Brachial artery; UA: Ulnar
artery; RA: Radial artery; MN: Median nerve; *: Point of bifurca-
tion; L: Lateral; M: Medial; P: Proximal; D: Distal.

above cases were recorded bilaterally in two White male
cadavers.

In 155 0,56% cases the deep brachial artery originat-
ed from the posterior circumflex humeral artery on the
right of a male cadaver (Figure 4).

The median artery was recorded in a5 4,44% cases
(Figure 5). It was unilateral in 55 2,22% cases and bilat-
eral in To5 2,22% cases. In the above cases, 1o 3,33%
were observed in males, while % 1,11% cases were
observed in females. Considering the race distribution,
137 1,67% cases of the median artery were recorded in
the White cadavers and 125 2,78% cases were recorded
in the Black cadavers.

Superficial course of the radial artery

In one cadaver the radial artery ran superficial to
the extensor pollicis longus and extensor pollicis bre-
vis tendons instead of passing through the anatomi-
cal snuftbox on both sides (Figure 6 A-B). On the right
side, the radial artery continued on the dorsum of the
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Figure 3. A) Anterior view of the arm showing the high division of
the brachial artery with the ulnar artery taking a superficial course
in the forearm. B) A schematic diagram of the anterior view of the
arm showing the high division of the brachial artery with the ulnar
artery taking a superficial course in the forearm. C) Superficial
course of the ulnar artery over the flexor muscles in the forearm.
Key: BA: Brachial artery; MN: Median nerve; RA: Radial artery;
UA: Ulnar artery; BBM: Biceps Brachii muscle; BRM: Brachioradi-
alis muscle; FDSM: Flexor digitorum superficialis muscle; FCUM:
Flexor carpi ulnaris muscle; *: Point of bifurcation; L: Lateral; M:
Medial; P: Proximal; D: Distal.

first web lying superficial to the first dorsal interosseous
muscle and joining the superficial palmar arch (Figure
6 A). On the left side, before passing superficial to the
extensor pollicis longus and extensor pollicis brevis ten-
dons, the radial artery gave rise to a branch that passed
through the anatomical snuftf box and makes no entry
into the deep palmar aspect. The radial artery then con-
tinues to loop around the first web to anastomose with
the junction of the princeps pollicis artery and the radi-
alis indicis artery (Figure 6 B). Even though the course
of this branch was not followed further, it is believed to
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Figure 4. The anterior view of the axilla showing the deep brachial artery arising from the posterior circumflex humeral artery. Key: AA:
Axillary artery; STA: Superior Thoracic artery; TAA: Thoraco-acromial artery; LTA: Lateral Thoracic artery; DSA: Deep Subscapular
artery; CSA: Circumflex Scapular artery; TDA: Thoracodorsal artery; TDN: Thoracodorsal nerve; PCHA: Posterior Circumflex Humeral
Artery; DBA: Deep brachial artery; PMM: Pectoralis minor muscle; L: Lateral; M: Medial; P: Proximal; D: Distal.

Figure 5. Anterior view of the forearm showing the median artery entrapped by the median nerve. Key: BA: Brachial artery; RA: Radial
artery; UA: Ulnar artery; CT: Common Trunk; MN: Median nerve; MA: Median artery; L: Lateral; M: Medial; P: Proximal; D: Distal.

have continued to the deep palmar arch. After giving
off the above branch, unlike on the right side, the radi-
al artery did not continue superficial to the first dorsal
interosseous muscle but rather penetrated and went deep
to this muscle. Our literature search could not find this
variation in the previous studies.

Tortuosity of the brachial artery and its branches

The brachial artery was tortuous in % 11,11% cas-
es (Figure 7A). Of these 20 cases, the tortuous brachial
artery presented bilaterally in fg5 10,00% cases and uni-
laterally in % 1,11% cases. It was observed in males %
8,33% cases and females in % 2,78% cases.



Variations in brachial artery and its branches

81

Figure 6. A) The posterior view of the right forearm showing the
radial artery superficial to the extensor pollicis longus and exten-
sor pollicis brevis tendons, and not passing through the anatomi-
cal snuffbox. B) The superior view of the left forearm showing the
radial artery superficial to the extensor pollicis longus and exten-
sor pollicis brevis tendons, giving off a branch to the anatomical
snuftbox. Key: RA: Radial artery; EPL: Extensor Pollicis Longus;
EPB: Extensor Pollicis Brevis; APL: Abductor Pollicis longus; RIA,
Radialis indicis artery. B: RA, Radial artery; EPL, Extensor Pollicis
Longus; EPB: Extensor Pollicis Brevis; APL: Abductor Pollicis lon-
gus; L: Lateral; M: Medial; P: Proximal; D: Distal.

The radial artery was tortuous in 15 17,22% cases
(Figure 7 B). The tortuosity of the radial arter2y was uni-
lateral in %0 3,89% cases and bilateral in ﬁ 13,33%
cases. In addition, % 9,44% were observed in male
cadavers, while % 7,78% were observed in female
cadavers. Considering the race distribution, the tortuous
radial artery was observed in oy 12,78% cases of White
cadavers, while T35 4,44% cases were recorded in Black
cadavers.

The Chi-square test comparing the frequency of
tortuous arteries in all 180 dissected upper limbs (136
Black, 44 White, of which 126 were males and 54 were
of females) showed a significantly high frequency of tor-
tuosity of arteries in the White cadavers compared to
Black cadavers (p<0,001), while side (p=0,230) and sex
(p=0,230) comparisons were not statistically significant.

The frequency of the upper limb arterial variations
recorded in the sections above are summarised in Figure
8 and Table 2 below.

Figure 7. Anterior view of the upper limb showing tortuosity of its
arteries. A) Brachial artery showing tortuosity. B) Tortuous radi-
al artery with kinking and curving tortuosity. Key: BA: Brachial
artery; RA: Radial artery; L: Lateral; M: Medial; P: Proximal; D:
Distal.

DISCUSSION
Introduction

The current study evaluated the variations in the
brachial artery and its terminal branches to record the
incidence of these variations in the studied population
and the possible clinical implications that these varia-
tions may have during surgical and treatment interven-
tions involving the upper limb vessels studied. The study
records the information with limited availability in the
current literature, more specifically pertaining to the
African population, as much focus has been given to the
axillary artery which is known to be a highly variable
artery of the upper limb. Even though the above is true
regarding the axillary artery, the knowledge of the vari-
ations of the brachial artery and its branches is of cru-
cial importance as these vessels are sometimes used to
perform arterial bypass and are also vulnerable to veni-
puncture during drug administration.

While the current study has done extensive compari-
sons of the variations in different sex and race groups of
the studied population, care should be taken when using
the results of the current study to project the possible
variations of the brachial artery and its branches for sur-
gical planning and drug administration. This is due to
the fact that the limited availability of human cadaveric
material did not allow a balance between sex and race
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0,56%
2,22%

Summary of the distribution of the variant branching patterns of the
Brachial artery.

m Standard Anatomical BP mHigh origin RA mHigh origin UA ®mDeep BA from PCHA mMedian artery ® Tortuosity

Figure 8. Summary of the distribution of the variant branching patterns of the Brachial artery.

groups, and therefore some statistical analysis shown in
comparing the groupings might have lost statistical pow-
er. Authors nevertheless believe that the data presented
in this article carriers significant scientific value that
may inform the decisions for surgical procedures and
treatment interventions to prevent iatrogenic injuries.

Variations of the brachial artery and its terminal branches

The current study reported 5,56% of cases of the high
origin of the radial artery, in agreement with previous
studies which recorded 2,84% in the European Population
[13] and 14,27% in the Spanish population [48]. The pres-
ence of a high origin of the radial artery may lead to fail-
ure during trans-radial catheterisation as the catheter may
be hindered, partly due to the fact that the presence of a
high origin of the radial artery is associated with its tor-
tuosity [19]. In some cases, the radial artery with high ori-
gin takes a superficial course, making it vulnerable to be
mistaken as a vein during drug administration, a situation
that could lead to gangrene of the forearm and hand [49].

The high origin of the ulnar artery was recorded
in 2,22% of cases in the current study. Its reported fre-

quency ranges from 0,17% to 2,00% in previous studies
[27,29,50]. The presence of an ulnar artery of high ori-
gin is considered a rare anatomical variation with clini-
cal significance [8]. The high origin of the ulnar artery
is often related to ulnar nerve compression and entrap-
ment [51]. Its clinical importance should not be under-
estimated as several cases of intra-arterial injection of
drugs and subsequent amputations have been reported
in patients with this type of variation [51]. Additionally,
the ulnar artery of high origin is extremely vulnerable to
iatrogenic injury during surgery [52].

A rare case of a common trunk of PCHA and deep
brachial artery was recorded in 0,56% of cases in the
current study. Our literature search found one study that
recorded a similar variation in 2% of cases [53]. This
variation is important for arteriovenous bypass, especial-
ly where the axillary artery is used [54]. It should also be
considered for shoulder and axillary tissue flaps used for
the reconstruction of cervical and axillary scar contrac-
tures and reconstruction [55].

The rare superficial course of the radial artery that
ran on the roof of the anatomical snuff box was found
in 1,11% of cases in the current study. According to our
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Table 2. Summary of the prevalence of arterial variations.
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Variations Prevalence of variation (%) Male Female
(n/180) (n/126) (n/54)
Bilateral Unilateral Bilateral Unilateral
Brachial artery
Median artery 4.44% 4 2 0 2
Tortuous brachial artery 11.11% 14 1 4 1
Tortuous radial artery 17.22% 14 3 10 4
High origin of radial artery 5.56% 4 6 0 0
High origin of ulnar artery 2.22% 4 0 0 0
Superficial RA 1.11% 2 0 0 0
Normal brachial artery 56.11% 70 3 26 2

Table 3. Summary of population differences in the brachial artery variations reported by different authors.

Henneberg & Rodriguez-

Li et al., 2013

Konarik et al, Shetty et al., 2022 Current study

George, 1991 & Niedenfiihr et al., 2020
Brachial artery 1992 2001
SA European Chinese European Indian SA
Median artery 54% 0% - 0% = 4,44%
Tortuous brachial artery - - 0,4% - 10,00% 11,11%
Tortuous radial artery - - 3,6% - - 17,22%
High origin of radial artery - 14,2% - 2,84% 15,00% 5,56%
Superficial RA - - - - - 1,11%

literature review, this variation has only been report-
ed recently in a case study reported on a Korean male
cadaver [56]. Clinical classifications of variants in the
radial artery are important as they are the main reasons
for technical failures during trans-radial catheterisations
[56]. The looping of the radial artery around the first
web in the current study resulted in it taking a superfi-
cial unexpected course where it could be vulnerable to
injuries with potential profuse bleeding.

Median artery

The median artery was present in 4,44% of cases in
the current study, in agreement with a previous study con-
ducted in a sample of Indian population which recorded
6,6% of cases of the median artery [12]. The presence of
the median artery is often coupled with idiopathic median
nerve pain due to nerve entrapment [26]. A few cases of
median nerve neuropathies encountered in the clinical
setting are reported to be idiopathic probably due to com-
pression by arteries that take the abnormal course or the
presence of the median artery [10]. This could have been a

possibility in the case observed in the current study as the
median artery pierced through the median nerve.

Tortuosity of the main upper limb arteries

The tortuous brachial artery was reported in 11,11%
of cases in the current study. Tortuosity of the brachial
artery is a rare occurrence and is mostly reported in case
reports [23,25,39]. The presence of tortuous arteries can
lead to difficulty during catheterization and may result
in iatrogenic injury [57]. The tortuosity of the upper
limb arteries was high (28,33%) in the current study
compared to previous studies (1,25%) [23,25].

The tortuous radial artery was reported in 17,22%
of cases in the current study. Tortuosity of the radial
artery has been reported to range from 3,6% to 23% of
cases [23,25,39] which is in agreement with the results
of the current study. Considering the race distribution,
the tortuous radial artery was observed in 12,78% of the
White South African cadavers and 4,44% recorded in
the Black South African cadavers. These results suggest
a higher prevalence of tortuosity of the radial artery in
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the White South Africans compared to the Black South
Africans. It has previously been suggested that tortuosity
of the arteries may be related to diabetes and hyperten-
sion [24]. Medical records were not available to relate the
tortuosity to the disease in the current study.

CONCLUSION

All dissected cadavers showed variations in either
brachial, ulnar or radial artery, confirming the high inci-
dence of upper limb arterial variations. The incidence of
variations in branching patterns of the brachial artery
and its terminal branches in the South African population
compares to that of the previous studies, suggesting that
these variations are not race or population dependent.
This study also noted that the high origin of the radial
artery is more prevalent in males than in females, a point
noted for the first time in the current study. Tortuosity of
the brachial and radial arteries are much higher in the
South African population compared to other populations.

The results of the current study provides crucial
information for planning surgical procedures and inter-
pretation of angiograms more specifically in the South
African population. Such data is currently not available
except the current study.

LIMITATIONS

Due to the limited availability of cadaveric mate-
rial, a proper balance between race and sex was not pos-
sible and hence the current study may not sufficiently
elucidate the distinct racial disparities and variations
with regards to sex. In addition the variations in smaller
branches might have been missed due to poor visibility
after the embalming process.

RECOMMENDATIONS

We recommend an increase in sample size to accu-
rately determine statistical variations between sexes and
race groups to enhance the knowledge of the upper limb
arterial variations. The effects of age and BMI should also
be investigated. Future studies should consider including
radiographic imaging to increase the sample size.
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Abstract. Background. Nowadays, anatomy education use 3D digital models, which are
particularly helpful when a cadaveric material is scarce or absent. Such models can be
created using the photogrammetry, which consists of multiple digital photographs tak-
en from various angles and then are used for constructing a virtual anatomical model.
With the advance of novel smartphones and applications, a high-quality and easy-to-
perform photogrammetry became user-friendly. Methods. In this study we assessed the
feasibility and technique of creating 3D digital models of the fresh cadaver brains. For
this purpose we applied the KIRI Engine application installed on the iPhone smart-
phone. With this method, five brains of recently deceased patients were scanned and
3D virtual models of these organs were created. Results. We did not encounter major
problems with scanning of the brain with the above-described method. After comple-
tion of the scanning, models of the brain could be downloaded and either displayed
as the virtual reality objects, or as isolated 3D objects. These virtual brains could be
moved or rotated or enlarged in order to see details. Also, it was possible to transfer
the file containing virtual model the scanned organ to another phone or computer, in
order to be handled by another user. Conclusions. We found 3D scanning of the brains
with the use of a smartphone application feasible and highly valuable from the educa-
tional perspective, especially considering visual appearance of 3D virtual models of the
brains, which were very similar to the alive organs.

Keywords: anatomy, brain, medical education, photogrammetry.

INTRODUCTION

Although anatomy based on cadaveric dissections is regarded the back-
bone of undergraduate medical education, nowadays such dissections are
increasingly augmentted or even displaced by other educational tools. This
shift in the approach to teaching anatomy was not exclusively associated
with the limited access to cadaver bodies. It has rather been associated with
the shift toward clinically oriented undergraduate medical education, which
is not easy to achieve when teaching is solely based on cadaver dissections.
Besides, new attractive educational tools, such as virtual immersive reality or
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“living anatomy” with the use of ultrasonography, were
introduced to the anatomical education, which made the
traditional approach to teaching anatomy debatable.

There is also another problem with the education
based on cadaver dissections. For the purpose of such a
teaching, the bodies should be embalmed with chemicals.
Traditionally, formaldehyde had been used. Nowadays,
since this chemical substance is highly toxic and carcino-
genic, it is displaced by novel chemical preservatives, for
example Thiel fluid [1-10]. However, chemical embalming
of the cadaver bodies, irrespective of the chemical com-
pound used, is associated with good preservation of some
tissues, while other tissues and organs easily disintegrate.
Moreover, embalmed cadaver bodies, especially when
formaldehyde is used, poorly resemble living tissues and
organs. Consequently, the undergraduate anatomical edu-
cation quiet often focuses at these structures that are well
preserved and are easily recognizible on embalmed bod-
ies, such as bones, muscles and ligaments. By contrast,
organs and structures poorly preserved during embalm-
ing, are often neglected during anatomical courses, if
other educational methods are not used. Besides, quite
often in embalmed organs details of negligible clini-
cal relevance are well preserved, while those of clinical
importance are not well visible in these speciments.

All these problems concern teaching of neuroanato-
my. Although the brain can be quite well preserved if for-
maldehyde embalming is used, such an embalmed organ
changes its color from whitish to grey, blood vessels are
no longer visible and only superficial macroscopic struc-
tures are recognizible [11-13]. Besides, a free use of for-
maldehyde is no longer possible in the European Union.
Due to toxic and carcinegenic activity of this chemical
compound, its use during anatomical education is strict-
ly limited and requires a costly equipment in the lab to
minimize side effects related to its toxicity [14,15]. Unfor-
tunatelly, the brain is poorly preserved following less tox-
ic methods of the embalming, such as the Thiel fluid. In
addition, handling with the nervous tissue is associated
with potential risk of prion infection [16,17].

Although contemporary clinical imaging, particu-
larly magnetic resonance, offers a valuable alternative
for the brain dissection speciemens, especially regarding
the subcortical structures, still such a teaching, which is
exclusively based on radiological images cannot replace
traditional methods completely. Importantly, magnetic
resonance or computed tomography scans are 2-dimen-
sional (2D). Unlike graduated doctors, students dur-
ing their first years at the medical university are usu-
ally incapable of mental transformation of the 2D scans
into 3-dimensional (3D) structures. This skill is stead-
ily developed during subsequent medical education but
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is typically undeveloped when the anatomy courses are
performed [18]. Hence, need of a good quality brain
specimens at anatomical classes.

This conudrum could be partially solved if 3D
digital brains were used, instead of the real embalmed
organs. Until recently, it was not easy to do and was
not economically affordable. Still, with the advance of
novel smartphones and applications, a high-quality and
easy-to-perform photogrammetry became assessible and
cheap. In this study, we assessed the feasibility and tech-
nical challenges associated with the creation of 3D digi-
tal models of the fresh cadaver brains.

DESCRIPTION

For the purpose of this study, we applied the KIRI
Engine application (KIRI Innovations, Shenzhen, China)
installed on the iPhone 13Pro Max (Apple Inc., Cuperti-
no, CA, USA) smartphone. With this method, five brains
of recently deceased patients were scanned. The brains
were scanned using the Light Detection and Ranging
(LiDAR) Object Capture tool of the KIRI Engine appli-
cation. This particular tool utilizes the algorithm that
captures and processes high-quality 3D models, using a
combination of the LiDAR’s light-detection technology
and the photogrammetry. After switching on the Object
Capture tool of the application, the phone was moved
around the brain, following the instructions given by the
application. The pictures of the target object were taken
automatically, finally creating highly detailed 3D virtual
models of the brain.

We did not encounter major problems with scan-
ning of the brain with the above-described method.
There were, however, some technical issues that should
be solved in the future, and these will be further dis-
cussed. After completion of the scanning, models of the
brain could be downloaded from the phone and either
displayed as virtual reality objects (Figure 1), or as iso-
lated 3D objects (Figure 2). These virtual brains could
be moved or rotated or enlarged in order to see details
(Supplementary File). Also, it was possible to transfer
the file containing virtual model the scanned organ to
another phone or computer, in order to be handled by
another user.

We found this method feasible and highly valuable
from the educational perspective, especially considering
visual appearance of these virtual organs, which were
very similar to the alive brains (Figure 3). Since these vir-
tual objects were created using the high-resolution pho-
tographs, after augmentation of a model, the details were
clearly visible (Figures 4-6). Still, at this stage of research,
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Figure 1. Scanned brain displayed on the screen of a smartphone
seen as virtual reality object; here, the page from the student’s anat-
omy textbook is visible in the background.

we encountered some problems with creation of the 3D
models. Unlike embalmed brains, fresh brains are quite
soft and prone to gravitational distortions. Consequently,
some parts of this organ that topographically are close
together, after removal from the cranial cavity moved

Figure 2. Scanned brain displayed on the screen of a smartphone
seen as the 3D object.

aside (Figure 7). However, although the virtual brain was
somewhat distorted, on the other hand this distortion
enabled the view of the medial surface of the brain with
its important anatomical structures (Figure 8).

Until now, we were unable to build a virtual mod-
el of the whole brain. It was possible to scan this organ
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Figure 3. Virtual model of the fresh cadaver brain seen from below;
all superficial details are clearly visible, while the brain’s color and
its blood vessels are similar to those of an alive organ.

from above, with the brain lying either on its lower or
upper surface. Unfortunately, unlike other more rigid
anatomical specimens that could either be suspended in
the air or steadily rotated during scanning, a fresh brain
was too soft and prone to distortion. Consequently, it
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Figure 4. Augmented virtual model of the fresh cadaver brain;
small blood vessels of the pia are well visible, with their color and
appearance similar to those of an alive brain.

was possible to get good quality 3D virtual brains (Fig-
ure 9), either seen from below or above (Figure 8), but
actually these models lacked the other surface (Figure
10) when rotated. Still, even considering these shortcom-
ings, which probably can be solved in the future with
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Figure 6. Brain transected alongside the lateral ventricle - the cho-
roid plexus (arrow) with its vivid reddish color is clearly visible.

Figure 5. Augmented virtual model of another fresh cadaver brain,
in which the arachnoid mater was not removed; a translucent
arachnoid is well visible, and below it there is the pia with its small
blood vessels.

more experience in the scanning, 3D virtual models of

the fresh brains seem to be a promising educational tool

for undergraduate medical students. Figure 7. Distortion of the brain after its removal from the cranial
cavity; the occipital lobes (yellow arrows) that normally are close to
each other, moved aside due to the gravitation.
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Figure 8. Gravitational distortion of the occipital lobes enables
inspection of anatomical details located at the medial surface of the
digital brain; green arrow: the parieto-occipital sulcus, red asterisk:
the precuneus, yellow asterisk: the cuneus.
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Figure 9. On the left: virtual brain seen from below; on the right:
virtual brain seen from above.

DISCUSSION

Our preliminary observations demonstrate that
scanning of the fresh cadaver brains with the KIRI
Engine application is easy, feasible and of potentially
high educational value, especially considering the vis-
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Figure 10. Virtual brain scanned from its basal surface; after rotat-
ing the model the other surface is missing.

ual appearance of these models, which were very simi-
lar to alive brains. Several anatomical features, such as
the tiny blood vessels of the pia mater, a translucent
arachnoid mater, or the choroid plexus, unlike brains
preserved by chemical solutions, are quite similar to
those structures of the alive organ, seen for example



3-dimensional scanning of the fresh cadaver brains for anatomy education 93

during the neurosurgical procedures. Although we have
encountered several technical problems during scan-
ning (discussed in the Results section of this paper),
they seem to be of minor educational importance and
most likely can be solved in the future. Besides, during
this feasibility study we scanned only superficial aspects
of the whole brains. In the future, we plan to scan
also the internal structures of brain. Of note, since the
brains are scanned during the autopsies, such a scan-
ning should not interfere with this examination and, in
general, with the work of a hospital morgue or foren-
sic pathology center. Alternatively, more detailed and
focused scanning of a brain of recently deceased donor
could be performed, still it should be remembered that
an opening of the skull may disturb the process of
embalming of the rest of cadaver’s body.

Over the last decade, the photogrammetry (the
term refers to a technology that measures something
using the recording of light) has been steadily intro-
duced to the medical education, including anatomy
[19-23]. However, until recently, its use has been lim-
ited by high costs of the scanners and an IT-expertise
needed to operate the models acquired after the scan-
ning. Recent advance in technology, especially develop-
ment of the operator-friendly applications, and the fact
that some modern smartphones are equipped with the
LiDAR device (LiDAR is a remote sensing technology
that uses the laser light to measure distances) made pos-
sible a creation of highly accurate, 3D representations
of the target object. Consequently, it became possible to
scan anatomical specimens and create their 3D virtual
representations. In the recent publications, a shift from
expensive commercial scanners to the free smartphone
applications is notable. Several different smartphone
applications were used [24,25]. Currently, it remains
unclear which of them is of the best educational value,
especially because they are being constantly updated
and improved. In addition to the KIRI Engine, applica-
tions that may be potentially used for anatomical scan-
ning comprise: the Qlone, the Polycam, the Scandy Pro,
the Trnio 3D Scanner, the SCANN3D, and the Reali-
tyScan. Probably, those basing on the LiDAR technol-
ogy should be chosen, since this method provides better
quality pictures.

In this feasibility study we have chosen the KIRI
Engine application, since for the purpose of this research
it was possible to use the non-commercial version of
this application, with no associated costs for our uni-
versity. Besides, in the not yet published study (Wawer,
J.; et al. Evaluation of the commercial applications for
mobile devices for the scanning of 3D anatomical model.
Presented at the 3" Conference on Anatomical Didactics;

08-09.05.2024, £6dZ, Poland), it was reported that for
anatomical scanning, this particular application is of the
best usefulness. Another advantage of the KIRI Engine is
the fact that photogrammetry requires a high computing
power. The KIRI Engine effectively utilizes cloud-pro-
cessing and storage to combat this limitation.

Importantly, until now, 3D anatomical virtual
models were created from the embalmed prosection
specimens [25,26-30]. By contrast, in our study we used
fresh brains of the recently deceased individuals. The
scanning was performed during the post-mortem, not
during dissecting the body of a cadaver. It seems that
the use of fresh organs can overcome limitations asso-
ciated with the use of embalmed brains for anatomy
education. Although embalmed brains can be used for
a longer period of time, yet after the embalming they
change their color and structure, while some impor-
tant anatomical structures, particularly blood vessels,
are no longer well visible. Some authors tried to solve
the problems of poorly visible cerebral vessels in brain
specimens by injecting the cerebral vessels with a
colored silicone or another filling material [31-33]. Still,
such injected specimens, even if valuable from educa-
tional point of view, lack the appearance of an alive
brain. Besides, a wider use of virtual models instead
of embalmed cadaver specimens would reduce the risk
associated with exposure of the students and academic
teachers to formaldehyde and other toxic and carcino-
genic chemicals, as well as to a potential exposure to
the brain-residing prions.

We found 3D scanning of the brains with the use of
a smartphone application feasible and highly valuable
from the educational perspective, especially considering
visual appearance of 3D virtual models of the brains,
which were very similar to the alive organs. Such a 3D
scanning of the organs of fresh cadavers seems to be a
new and promising educational tool for undergraduate
medical students.
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